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Abstract
Five different forms of ribulose 1,5-bisphosphate carboxylase/oxygenase
(RubisCO; IA, IB, IC, ID, II), the carboxylase of the Calvin-Benson-Bassham cycle
(CBB), are utilized by plants, algae and autotrophic bacteria for carbon fixation.
Discrimination against ¹³C by RubisCO is a major factor dictating the stable carbon
isotopic composition (δ¹³C = {[¹³C/¹²Csample/¹³C/¹²Cstandard] - 1} X 1000) of biomass. To
date, isotope discrimination, expressed as ε values (={[¹²k/¹³k] - 1} X 1000; ¹²k and ¹³k =
rates of ¹²C and ¹³C fixation) has been measured for form IA, IB, and II RubisCOs from
only a few species, with ε values ranging from 18 to 29‰. The aim of this study was to
better characterize form ID and IC RubisCO enzymes, which differ substantially in
primary structure from the IB enzymes present in many cyanobacteria and organisms
with green plastids, by measuring isotopic discrimination and kinetic parameters (KCO2
and Vmax). Several major oceanic primary producers, including diatoms,
coccolithophores, and some dinoflagellates have form ID RubisCO, while form IC
RubisCO is present in many proteobacteria of ecological interest, including marine
manganese-oxidizing bacteria, some nitrifying and nitrogen-fixing bacteria, and
extremely metabolically versatile organisms such as Rhodobacter sphaeroides. The ε values of the form ID RubisCO from the coccolithophore, Emiliania huxleyi and the
diatom, Skeletonema costatum (respectively 11.1‰ and 18.5‰) were measured along
with form IC RubisCO from Rhodobacter sphaeroides and Ralstonia eutropha
vi

(respectively 22.9‰ and 19.0‰). Isotopic discrimination by these form ID/IC RubisCOs
is low when compared to form IA/IB RubisCOs (22-29‰). Since the measured form ID
RubisCOs are less selective against 13C, oceanic carbon cycle models based on 13C values
may need to be reevaluated to accommodate lower ε values of RubisCOs found in major
marine algae. Additionally, with further isotopic studies, the extent to which form IC
RubisCO from soil microorganisms contributes to the terrestrial carbon sink may also be
determined.

vii

Chapter One: Introduction
Phytoplankton and their importance for the marine carbon cycle
Carbon dioxide (CO2) is the main form of carbon in the atmosphere, where as in
the oceans the major form is bicarbonate (HCO3−; Zeebe and Wolf-Gladrow 2003). In
the ocean, the approximate ratio of the forms of dissolved inorganic carbon (DIC:
CO2:HCO3–:CO32–) are respectively 1:100:10 (Zeebe and Wolf-Gladrow 2003). A
combination of physical and biological processes, such as carbon fixation by autotrophic
organisms and the production of CaCO3 shells, influences the distribution of CO2 in
ocean surface waters. The production of CaCO3 shells by marine organisms releases CO2;
however, calcification also sequesters DIC, as CaCO3 particles can sink and become
buried in sediments before they undergo dissolution (Jansen et al., 2002). Autotrophic
organisms are able to fix inorganic carbon into particulate organic carbon (POC), which,
like CaCO3, may be exported into the deep-ocean and sediment through sinking via the
biological pump, taking carbon out of contact with the atmosphere for hundreds to
millions of years, influencing atmospheric CO2 and climate (Volk and Hoffert, 1985).
The POC which is not exported to the ocean floor is oxidized back to DIC by
heterotrophic organisms, and some of this DIC is released as CO2 back into the
atmosphere (Jiao et al., 2010). CO2 is generally lower in the ocean’s euphotic zone than
in deeper waters as a result of photosynthetic consumption at the surface and microbial
remineralization of organic matter at depth; however, areas of upwelling cause the CO2
1

enriched deep waters to mix with the CO2 depleted surface waters (Hales et al., 2005).
While the POC reservoir is small, making up around 0.04%-0.06% of oceanic carbon
(Eglinton and Repeta, 2004), autotrophs are fundamental in maintaining low DIC
concentrations in surface waters and high concentrations in deep waters.
Oceanic phytoplankton, which make up less than 1% of the global photosynthetic
biomass, is responsible for approximately 50% of the global primary production (Field et
al., 1998, Falkowski and Raven, 2007). Most primary production occurs in the euphotic
zone, the upper layer of the ocean where light is present in sufficient quantity to sustain
photosynthesis, primarily by cyanobacteria and eukaryotic algae (Raven 2009, Scanlan et
al., 2009, Bowler et al., 2010). Phytoplankton serve as the base of the aquatic food web,
providing the organic carbon source for aquatic life. Although numerically inferior to
cyanobacteria, three major eukaryotic groups, including diatoms, coccolithophores, and
dinoflagellates, are responsible for the majority of the flux of organic matter to higher
trophic levels and the ocean interior and sediments due to their larger cell size
(Falkowski, et al., 2004).
Nutrient availability often dictates cell size or taxonomic structure of
phytoplankton communities, which in turn affects the efficiency of the biological pump
(Eppley and Peterson, 1979; Chisholm, 1992; Finkel 2010). Low concentrations of
limiting nutrients such as nitrogen, phosphorus, and iron often inhibit the growth of larger
phytoplankton species, with less than optimal growth observed at molar ratios less than
N/P/Iron = 16:1: 0.01 (Sikorowicz et. al 2005; Elser et. al 2007; Edwards et al., 2011).
Cyanobacteria, microeukaryotes, and other small phytoplankton species dominate in
2

oligotrophic oceanic regions, such as the tropics and subtropics. The phytoplankton cell
size affects physiological rates, such as light absorption and nutrient diffusion, uptake and
requirements, as well as ecological functions, such as sinking and grazing rates (Finkel
2010). A shift in the phytoplankton community size from small to large celled organisms
also shifts carbon cycling, from rapid carbon cycling via the microbial loop to more rapid
sinking of POM and sedimentation of carbon (Laws et al., 2000; Finkel 2010).
Phytoplankton community structure is important part of the carbon cycle and is required
to understand the biological pump.
Coccolithophores
Coccolithophores are a major component of oceanic phytoplankton. These
eukaryotes produce organic carbon, calcium carbonate and dimethyl sulfide (DMS)
which all have an effect on the global climate (de Vargas et al., 2007). All phytoplankton
fix CO2 into organic matter therefore reducing atmospheric CO2; however,
coccolithophores are unique in that they also take up bicarbonate to produce coccoliths,
microscopic plating made of calcium carbonate or calcite (Ca + 2HCO3 ---> CaCO3 +
H2O + CO2) (Balch et al., 1993). At any one time, a single coccolithophore is surrounded
by at least 30 coccolith scales (Paasche, 1998). Coccoliths are released into the water
column when coccolithophores multiply asexually, die, or make too many scales (Balch
et al., 1993; Fritz and Balch 1996). Coccolithophores produce 90% of the planktonic
carbonate, making them the leading calcite producers in the ocean (Fabry, 1990;
Milliman et al., 1999).
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The estimated total global calcium carbonate productivity for coccolithophores,
foraminifera, and coral reefs is between 5.8 - 13 Gt CaCO3 year-1 or 0.6 - 1.6 Gt of
particulate inorganic carbon (PIC) year-1 (Berelson et al., 2007; Balch et al., 2007;
Schiebel 2002; Graziano et al., 2000; Milliman et al., 1999). Calcium carbonate
sedimentary accumulation rates, or the removal of carbon from the actively cycled carbon
pool, are estimated to be around 0.87 - 1.1 Gt of CaCO3 year-1 (Milliman 1999; Schiebel
2002), of which 32-80% is contributed by planktonic CaCO3 production. The production
of calcite also releases CO2, so coccolithophore production is not a net source or sink of
atmospheric CO2 (Engel et al., 2005; Riebesell et al., 2000; Zondervan et al., 2001, 2002;
Feng et al., 2008). However, the presence of coccoliths may cause organic matter or
‘marine snow’ to sink more rapidly as organic matter tends to aggregate on coccoliths.
The larger sinking objects deliver carbon to the ocean floor before it can be entrained by
the microbial loop (Buitenhuis et al., 1996). The co-transport of marine snow with
coccoliths may offset the atmospheric CO2 increase caused by coccolith production,
making coccolithophore blooms a carbon sink (Buitenhuis et al., 2001).
Not only are coccolithophore blooms able to affect the biological carbon pump in
the ocean, but they are also able to influence regional and global temperature. Many
phytoplankton produce dimethyl sulphonioproprionate (DMSP); coccolithophores are
major producers, synthesizing 100 times more than other phytoplankton species such as
diatoms (Keller, 1989). Once DMSP is converted into DMS by bacterial DMSP lyase,
DMS molecules act as cloud condensation nuclei in the atmosphere, which helps
stimulate cloud formation. Increasing cloud cover also increases the light and heat that
are reflected back into space, altering ocean albedo and heat retention (Burkill et al.,
4

2002). Additionally, due to light scatter by particulate calcite, coccoliths are also
responsible for heat and light reflection into the atmosphere (Voss et al., 1998). Since the
ocean has the capacity to store >1000 times the heat compared to the atmosphere (Levitus
et al., 2005), coccolithophores can greatly affect global ocean temperatures.
Out of the estimated 280 species of coccolithophores (Young et al., 2003),
Emiliania huxleyi is one of the more extensively studied species since it is abundant,
ubiquitous (occurring in all oceans except the polar regions), easy to cultivate, and plays
an import role in the global carbon cycle (Paasche, 2002; Westbroek et al., 1993;
Zondervan 2007; Brown and Yoder 1994). E. huxleyi is one of the most eurythermal and
euryhaline phytoplankton species, found in waters varying from 2 - 28 oC (Winter et al.,
1994). E. huxleyi can grow into massive blooms that reach 100,000 kilometers, when
water conditions are favorable. During these blooms, E. huxleyi cells account for ~90%
of the phytoplankton cells in the water (Iglesias-Rodriguez et al., 2002). Generally,
coccolithophores do not compete well with other phytoplankton species such as diatoms
and cyanobacteria when nutrients are plentiful, due to their higher sinking rates.
However, they often thrive in areas that are nutrient poor as they have a greater ability to
utilize nutrients and light at low values (Schiebel, 2004).
Diatoms
With over 20,000 existing species, diatoms are an extremely successful group of
eukaryotic phytoplankton and are found worldwide in the ocean, fresh water, and soils
from the tropics to the arctic zone (Mann and Droop 1996). Diatom primary production is
estimated to be 20 Pg per year (Falkowski and Raven 2007), which is approximately 40%
5

of marine productivity (47 Pg carbon per year) or 20% of global productivity (105 Pg
carbon per year; Field et al., 1998; Granum et al., 2005). Diatoms account for
approximately 75% of primary production in nutrient-rich regions, but no more than 2530% in nutrient-poor waters. Over half of the organic carbon which is exported to ocean
sediments can be attributed to diatoms (Nelson et al., 1995; Brzezinski et al., 1998;
Dugdale and Wilkerson 1998).
Diatoms are a major exporter of carbon from ocean surface waters. Diatom
blooms generally occur in areas of upwelling where nutrient rich waters are brought to
the ocean surface (Armbrust 2009). These blooms generally collapse upon depletion of
silicate, since silicate is only a required nutrient for diatoms and is not regenerated by
other plankton species, unlike nitrogen or phosphorus, common limiting nutrients for
phytoplankton (Ragueneau et al., 2006). Senescent diatom cells descending from the
upper mixed layer generally exhibit a loss of buoyancy control or the production of
spores and are found in an assemblage of cells stuck together by mucilage. The cells that
reach the ocean floor either rest until conditions become favorable during another
upwelling event, or they are lost to the deep ocean. Diatoms form the basis of the most
productive ecosystems due to their larger size and ability to form large blooms
(Ragueneau et al., 2006).
Diatoms have risen to dominance relatively quickly over the last 100 million
years partially due to their silicified cell walls. The elaborate silica walls are very diverse
in shape and pattern and usually consist of two asymmetrical valves that fit together.
Since silica cell walls require less energy to synthesize than organic cell walls, cells
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which use silica have a potential competitive advantage (Raven, 1983). However, the
presence or absence of silica in the environment greatly influences the presence of
diatoms in the phytoplankton community. In mesocosm studies, diatoms compromised
70% of the phytoplankton community when silicic acid concentrations exceeded 2 µM
(Egge and Aksnes, 1992); however, when silica was not present, blooms of the
coccolithophore E. huxleyi dominated the phytoplankton community (Egge and Jacobsen,
1997). Silica cell walls act as a form of protection against grazers (Hamm et al., 2003)
and as an effective pH buffering agent facilitating the conversion of bicarbonate to
dissolved CO2, thus increasing carbon fixation rates (Milligan, et al., 2002).
Skeletonema costatum is a well-studied diatom species, inhabiting marine and
estuarine habitats from temperate to tropical zones. In many of the recurring diatom
blooms studied of the past 50 years, Skeletonema species have been shown to be the
dominant phytoplankton species (Borkman and Smayda 2009; Shikata et al., 2008;
McQuoid and Nordberg 2006; McQuoid and Godhe 2004; Kukert and Riebesell 1998;
Tiselius and Kuylenstierna 1996). Because of its global distribution and dominance in
bloom environments, S. costatum has been used as a model for diatom species.
Soil microbes and importance for the terrestrial carbon cycle
The terrestrial biosphere acts as a major sink for CO2, primarily due to CO2
fixation by terrestrial plants (Falkowski et al., 2000; Schimel, 1995). Multiple
mechanisms, including regrowth of abandoned farmland and logged forests, fertilization,
and increasing temperatures, are responsible for enhancing the drawdown of atmospheric
CO2 to the terrestrial biosphere (Fan et al., 1998). However, global carbon models
7

propose a missing terrestrial carbon sink, of disputed nature and geographical location, of
around 2 - 3 Pg C year-1 (Post and Kwon 2000; Karim 2008; Yuan et al., 2012). Carbon
fixation by autotrophic microorganisms in the soil has been proposed as a possible source
of the terrestrial carbon sink (Yuan et al., 2012).
While microorganisms and macroalgae contribute significantly to carbon fixation
in the oceans, in soils they generally are thought to be a net source of CO2 due to
microbial respiration; however, carbon fixation has been shown to be a relevant process
in soils (Miltner et al., 2004; Miltner et al., 2005; Yuan et al., 2012). Carbon fixation
genes have been reported in a number of soil studies (Nanba et al., 2004; Selesi et al.,
2005; Videmsek et al., 2009; Tolli and King, 2005). However, relatively few studies have
focused on carbon fixation activity in soils. One recent study, measuring carbon
incorporation of 14CO2, has reported microbial CO2 assimilation of around 0.12%-0.59%
of soil organic carbon, with an estimated rate of assimilation around 0.68 - 4.9 Pg per
year (Yuan et al., 2012). At this rate, microbial carbon fixation in soils could possibly
account for up to 4% of the total CO2 fixed by terrestrial ecosystems each year. Genetic
analysis revealed the dominant autotrophic species in paddy and upland soil habitats were
proteobacteria phylogenetically related to Azospirillum lipoferum, Rhodopseudomonas
palustris, Bradyrhizobium japonicum, Ralstonia eutropha, as well as chromophytic algae
of the phyla Xanthophyta and Bacillariophyta. These results vary from previous findings
since phototropic CO2 assimilation was predominant in this study, while previous studies
were completed in the dark (Miltner et al., 2004; Miltner et al., 2005).
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Some autotrophic soil proteobacteria are of ecological and commercial
importance, like the extremely metabolically versatile bacteria, Rhodobacter sphaeroides
(Tabita, 1999) and Ralstonia eutropha (Cramm, 2009). R. sphaeroides is an αproteobacterium capable of nonoxygenic photolithoautotrophic growth and
photoheterotrophic growth (Qian and Tabita, 1996). R. sphaeroides has been closely
studied as a model organism for anoxygenic photosynthesis and carbon fixation. R.
eutropha is a respiratory facultative lithoautotrophic β-proteobacterium, which can use
hydrogen as a sole energy source, but can also can grow heterotrophically using organic
compounds for energy (Bowien and Kusian, 2002; Cramm, 2009). R. eutropha and R.
sphaeroides are both able to produce polyhydroxyalkanoates (PHAs). PHAs are a class of
bacterial storage compounds that can accumulate inside cells to levels of up to 90% of
cellular dry weight when nutrients concentrations are high, to be used as a source of
carbon and energy when nutrients are limiting. PHA’s may allow for greater carbon
retention in soils since they are not readily turned over or mineralized. PHA’s also can act
as a biodegradable polymer substitute for petroleum-based plastics (Khanna and
Srivastava, 2005; Chanprateep, 2010).
Impact of anthropogenic CO2 emissions on the ocean
Since the advent of the Industrial Revolution, almost 50% of anthropogenic CO2
emissions have been absorbed by the oceans, leading to changes in ocean chemistry
(Sabine et al., 2004). While the use of fossil fuels has contributed most significantly to
atmospheric CO2 increases, changes in land use, including deforestation and cultivation
for food production, account for 30% of the increase (Sabine et al., 2004; Canadell 2002).
9

The increase in anthropogenic CO2 in the atmosphere has caused substantial changes in
the ocean including decreases in ocean pH (Orr et al., 2005), increase in ocean
temperature, strengthening in westerly winds as well as the magnitude and intensity of
storms (Meehl et al., 2007; Goldenberg et al., 2001; Emanuel, 2005), a decrease in
summer sea ice in the high latitudes (Curran et al., 2003; Serreze et al., 2007), an increase
in salinity in low-latitude waters, and expansion of the ocean gyres (Behrenfeld et al.,
2006; Polovina et al., 2008; Irwin and Oliver 2009). The ocean has absorbed
approximately 85% of the entire anthropogenic carbon released to date; however, the
turnover rate of the ocean is slower than anthropogenic CO2 release, taking several
centuries to a millennia to uptake the excess atmospheric CO2 (Sabine et al., 2004).
As the ocean absorbs atmospheric CO2, ocean surface waters become enriched
with CO2, causing the formation of carbonic acid, which in turn causes a reduction of pH
levels. This “ocean acidification” (Caldeira and Wickett 2003; Doney et al., 2009) has
lead to a decrease in ocean surface waters pH of by ~0.1 units, to an average of pH of 8.1
(Orr et al., 2005). At atmospheric CO2 levels predicted for the year 2100 (750 ppm), the
pH of ocean surface water will have dropped by an additional 0.3 units, to a pH of ~7.8
(Orr et al., 2005), which is outside the natural ocean pH range observed in the past ~300
million years (Caldeira and Wickett 2003; Key et al., 2004; Solomon et al., 2007).
The rapid increase in atmospheric CO2 and other greenhouse gases also
contributes to increasing global temperatures. The average global temperatures have
risen by 0.6°C over the past 70 years and are predicted to increase an additional 3°C by
2100 (Solomon et al., 2007). The increase in global temperatures not only causes changes
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in sea levels, sea ice, salinity and ocean gyres, but also strengthens the vertical
stratification of the ocean. Stratification reduces the nutrient influx from the deep,
nutrient-rich waters to the surface mixed layer. While stratification decreases vertical
mixing of nutrients, it also slows the rate at which deep ocean CO2 is brought back into
contact with the atmosphere. Many waters in the tropics and subtropics are permanently
stratified (Behrenfeld et al., 2006; Huisman et al., 2006) and it is estimated that by the
year 2050, the area of permanent stratification will have expanded by 4.0% - 9.4%
(Sarmiento et al., 2004).
Anthropogenic climate change is expected to modify environmental conditions of
the ocean significantly over the next century, greatly influencing phytoplankton
communities and thus oceanic primary production (Sarmiento et al., 2004; Irwin and
Finkel 2008; Finkel 2010). Increasing oceanic temperatures affect phytoplankton
communities through increased thermal and nutrient stratification and through the effect
of higher temperatures on biological processes. Increased ocean stratification in
temperate areas suspends phytoplankton in the well lit surface layers leading to increased
picoplankton growth with earlier spring blooms and longer growing seasons (Winder and
Schindler 2004; Huisman et al., 1999; Berger et al., 2007). The low productivity, highly
stratified tropical and subtropical areas, which are dominated by prokaryotic and
eukaryotic picoplankton, are predicted to expand with climate change (Sarmiento et al.,
2004), reducing overall ocean productivity (Behrenfeld et al., 2006). In polar areas,
stratification caused by glacial ice melting will shift phytoplankton communities from
diatoms to smaller size plankton species due to nutrient deprivation (Finkel 2010; Moline
and Prezelin, 1996).
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Higher environmental temperatures generally lead to increases in enzymatic
reaction rates and growth rates of phytoplankton. However, specific phytoplankton
species and ecotypes differ in the overall temperature effects on cell growth; therefore,
phytoplankton species composition and the timing of seasonal blooms could change with
increased temperatures. Temperature increases also lead to the increase of air to ocean
temperature ratios, which could generate more frequent and intense storms (Solomon et
al., 2007). Storms suppress ocean stratification temporarily, causing an increase in
upwelling and nutrient availability in a localized area which selects for the growth of
larger phytoplankton species (Babin et al., 2004). Additionally, increased winds will
supply an increase of iron and silicate dust to the temperate oceans, supporting the
growth of larger phytoplankton species (Sarmiento et al., 2004).
Phytoplankton cell size could be used to predict the general physiological responses
of phytoplankton species as well as scale up to ecological and biogeochemical changes in
phytoplankton communities due to climate change (Lopez-Urrutia, 2008). The larger
phytoplankton cells are more likely to respond to increases in CO2 concentrations or
decreases in other nutrients due to diffusion limitations associated with smaller surface to
mass ratios in larger cells. In several experiments, high CO2 treatments favored the
growth of larger cells such as diatoms and coccolithophores, while reporting little to no
change in picophytoplankton growth (Tortell et al., 2002; Tortell et al., 2008; Engel et al.,
2008; Paulino et al., 2008). However, fossil records of diatoms, coccolithophores and
dinoflagellates that were exposed to water column stratification or nutrient limitation,
show a decrease in mean cell size (Finkel et al., 2005; Finkel et al., 2007; Henderiks
2008; Henderiks and Pagani 2008), suggesting that ocean stratification may act as a
12

downward selective factor on phytoplankton cell size. Due to the importance of large
phytoplankton cells in both the biological carbon pump and food webs, a shift towards
smaller phytoplankton species will have numerous negative effects on both the amount of
carbon exported to the ocean floor and the structure and productivity of pelagic and
benthic food webs (Pomeroy, 1974; Finkel, 2007).
Changes in the elemental composition of phytoplankton communities can also
have cascading effects on the biological pump and food webs. Increasing the CO2
concentration stimulates carbon fixation since it is typically not CO2-saturated under
current CO2 levels (Giordano et al., 2005). This enhanced CO2 fixation does not result in
balanced growth, as uptake of other nutrients remains largely unaffected, resulting in
increased carbon to nitrogen and phosphorus ratios in phytoplankton biomass (Fu et al.,
2007; Riebesell et al., 2007; Feng et al., 2008; Iglesias-Rodriguez et al., 2008; Beardall et
al., 2009). Ocean stratification also plays a role in phytoplankton stoichiometry by
creating nutrient-limited but light-saturated conditions for phytoplankton (Van De Waal
et al., 2010). The reduced nutrient supply from deep waters and the suspension of
phytoplankton in the well lit upper layers leads to phytoplankton cells which typically
show increased carbon to nutrient ratios (Sterner and Elser 2002). Additionally, carbon to
phosphorus ratios will increase significantly as ocean stratification expands and nitrogen
fixation increases, since nitrogen fixation will shift entire ecosystems towards phosphorus
limitation (Karl et al., 1997). Trace element stoichiometry, such as zinc and cadmium,
which are used in carbonic anhydrase, will also show a decrease with increasing
dissolved CO2 (Cullen et al., 1999). Phytoplankton cells with higher carbon to nutrient
ratios have lower nutritional value, which may cascade throughout the entire food web.
13

Zooplankton species composition may shift away from high phosphorus demanding
species due to the changes in phytoplankton stoichiometry (Urabe and Waki 2009; Van
De Waal et al., 2010). Additionally, the higher carbon to nutrient ratio in phytoplankton
may lead to an increase in zooplankton carbon release, increasing DOC in the
environment (Anderson et al., 2005; Hessen and Anderson et al., 2008).
Decreasing carbonate concentrations due to increasing ocean acidification may
cause a reduction in calcification, resulting in a diminishing presence of calcifying
organism such as the coccolithophorids, corals, foraminifera and mollusks (Riebesell et
al., 2000; Raven et al., 2005; Orr et al., 2005; Hoegh-Guldberg et al., 2007). With ocean
acidification, the dissolution of carbonate and carbonate structures in the water column
will increase, leading to a significant decrease in the burial of carbonate sediments and
even enhance the dissolution of carbonate in existing sediments (Ridgwell et. al, 2007;
Nienhuis et al., 2010). Coccolithophores that were exposed to short term elevated CO2
concentrations produced malformed and smaller coccoliths (Riebesell et al., 2000; Bach
et al., 2011; Zondervan, 2007). Additionally, fossil records of coccolithophores show
patterns of decreasing calcification with increasing partial pressure of CO2 or decreasing
concentrations of carbonate (Beaufort, 2011). However, due to its short generation time,
E. huxleyi was shown to respond to the effects of increased CO2 concentrations through
adaptive evolution. Cells which were exposed to increased CO2 concentrations for 500
generations still exhibited higher growth rates and lower calcification rates than cells
grown with no CO2 concentration change; however, the adapted cells had 50% higher
calcification rates than non-adapted cells exposed to increased CO2 concentrations
(Lohbeck et. al, 2012). In fact, the rapid microevolution ability of phytoplankton may
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have lead to an E. huxleyi morphotype with a heavily calcified cell that was discovered in
high CO2 waters of the coast of Chile (Beaufort, 2011).
Model predictions of the effects of climate change on phytoplankton community
composition and the biological pump are in their infancy (Anderson, 2005). Additional
stresses on marine ecosystems such as ozone depletion with changes in UV radiation
(Beardall and Raven, 2004), coastal eutrophication and other anthropogenic pollution
(Rabalais et al., 2002), and fishing pressures (Myers and Worm, 2003), will also affect
phytoplankton community structure. Current phytoplankton community growth models
are rather simplistic, as they are based on growth data from a limited number of
conditions, for a limited number of phytoplankton groups and account for few predators
or viruses (Moore et al., 2002; Hood et al., 2006; Follows et al., 2007). Future models
will need to rely on key eco-physiological traits of phytoplankton communities that are
able to predict the effects of environmental variables on phytoplankton growth rates,
elemental cycling and food webs (Finkel 2010). Specifically, phytoplankton cell size and
elemental composition and requirements could be used to model the rates which
phytoplankton communities are able to acquire and process nutrients, modify food web
structure, alter biogeochemical cycling and evolve to the changing environment (Finkel
2010). Stable carbon isotopes could be used to help elucidate the elemental composition
and requirements of phytoplankton communities.
Impact of anthropogenic CO2 emissions on the soil
Increasing atmospheric CO2 concentrations increase terrestrial plant growth,
which, in turn, affects the availability of nutrients for heterotrophic soil microorganisms
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(Hungate et al., 1997; Hu et al., 2001). Soil microorganisms are generally carbon limited
(Smith and Paul 1990); however, short term elevated CO2 leads to an increased organic
carbon source for microorganisms from decomposed plant biomass, resulting in
increasing soil microbial biomass and microbial respiration (de Graaff et al., 2006; Hu et
al., 1999; Blagodatskaya et al., 2010; Rillig et al., 1999; Zak et al., 1993; Zak et al.,
2000). With increasing bio-available carbon, nitrogen can quickly become the limiting
growth nutrient in some ecosystems. Increased CO2 concentration have contrasting
results on nitrogen availability indicating possible ecosystem-specific effects on nitrogen
acquisition and retention for plant and soil microorganisms (Hu et al., 2006).
The importance of microbial autotrophy in soils has just recently been reported.
Not only have carbon fixation genes have been shown to be widespread in soils (Selesi et
al., 2007), but microbial autotrophy plays a significant role in carbon sequestration in
soils (Yuan et al., 2012). The direct effect of increased CO2 emissions on soil autotrophy
has yet to be studied; however, CO2 has been shown to be a source of soil organic carbon
(Miltner et al., 2005).
Stable carbon isotope ratios
The exchange of carbon through the terrestrial, oceanic, and atmospheric pools is
traced using the natural abundances of stable carbon isotopes in biochemical,
physiological and ecological studies. 12C and 13C are stable carbon isotopes with 13C
composing about 1.1% of all carbon on Earth. Because the activation energy for light
isotopic species is smaller, reactants with the lighter isotope will react faster resulting in
different rates of 12C and 13C that are converted into products. Physical and chemical
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fractionation of inorganic and organic carbon compounds results in variations in 13C/12C
ratios which are expressed as δ13C values (Hayes, 1993) with respect to a Pee Dee
Belemnite standard (PDB; Craig 1957).
δ13C = {[Rsample/Rstandard] – 1} x 1000
where Rsample = 13C/12C of the sample , and
Rstandard = 13C/12C of the PeeDeeBelemnite standard.
The more negative the δ13C value, the more 13C depleted the carbon compound relative to
the standard; the more positive the δ13C value, the more 13C enriched the carbon
compound.
Stable carbon isotope ratios: indicators of carbon flow in ecosystems
In general, the δ13C value of a heterotrophic organism’s biomass will be the sum
of the δ13C of the organic carbon it consumes and the isotopic effects associated with the
assimilation and oxidation of carbon. As carbon moves up the food web, its δ13C value
changes by about +1‰ on average with assimilation, becoming more isotopically
enriched with each transfer up a trophic level (Fry and Sherr 1989). Since the
fractionation associated with aerobic heterotrophy is small, the potential exists to use
isotopes as dietary indicators within food webs. Globally, the δ13C values of biomass
from marine phytoplankton have a natural range of -6‰ to -30‰ (Rau et al., 1989;
Descolas-Gros and Fontugne 1990; Falkowski 1991; Johnston and Raven 1992). Since
consumer δ13C biomass values are within +/-2‰ of their food source (Zohary et al.,
1994; Phillips et al., 2009), the primary producers which support an ecosystem greatly
influence δ13C biomass values of higher trophic organisms. Additionally, phytoplankton
biomass exhibits spatio-temporal variations of around 6‰ in the North Atlantic (Barnes
et al., 2009), in turn affecting pelagic consumer δ13C values in relation to the feeding time
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and location. If food substrates are regionally distributed with isotopically distinct
patterns, consumer δ13C values can confirm when and where prey was consumed,
revealing migration patterns in larger species (Hobson 1999; Schell et al., 2000; Phillips
et al., 2009; Trueman et al., 2012). While heterotrophic δ13C values are greatly influenced
by the autotrophic δ13C biomass values that make up the base of the food web, the
autotrophic biomass δ13C values are greatly influenced by physical, chemical and
biological factors. These factors include the δ13C value of the inorganic carbon sources,
diffusive limitation, carbon concentrating mechanisms, and carbon fixation by
carboxylases.
Stable carbon isotope ratios: equilibrium effect of CO2 vs. bicarbonate
Atmospheric CO2 has a δ13C value of -7‰ (Deines 1980) while bicarbonate is
enriched in 13C relative to CO2 in solution by 8‰ and has a δ13C value around +1‰.
Although relative abundances of CO2 (aq), aqueous carbon dioxide, and HCO3- varies as
a function of pH, isotope differences only vary with temperature (Hayes 1993).

δ13C

CO2(g) = CO2(aq) = H2CO3(aq) = HCO3- = CO32-7‰
-6‰
+2‰
+1‰
-0.5‰

The δ13C value of the carbon source that autotrophs use for carbon fixation will affect
algal biomass δ13C values (O’Leary et al., 1992). If CO2(aq) is the primary source of
carbon, the δ13C values will be depleted in 13C compared to δ13C values for organisms
which rely to some degree on bicarbonate as a carbon source.
Globally, the δ13C value of DIC has relatively small variations across the major
oceans, caused by biological and chemical processes. Across the equator, DIC δ13C
values vary from 1.3‰ - 2‰, while higher latitudes exhibit higher values around 1.75‰
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-2.3‰ and the southern oceans and north Atlantic range from 0.8‰ to 2.25‰ (Kroopnick
et al., 1985; Freeman 2001). The Southern oceans and north Atlantic exhibits the largest
range due to phytoplankton bloom uptake of 12C inorganic carbon, leaving 13C enriched
inorganic carbon.
Stable carbon isotope ratios: diffusive limitation
Autotrophs that mainly use CO2(aq) as the primary source of carbon may have
enriched biomass δ13C values due to the diffusive limitation of CO2 across the cell
membrane. The physical process of diffusion of CO2 in water has a small isotopic effect
(0.7‰ ; O'Leary 1984). However, slow rates of diffusion of CO2 across the cell
membrane may cause intracellular pools to become enriched in 13CO2. The preferential
fixation of 12CO2 by carboxylases can create 13C-enriched intracellular pools of 13CO2
when the rate of CO2 diffusion does not allow for intracellular pools to come to isotopic
equilibrium with extracellular inorganic carbon. Since the carboxylases are drawing from
a pool of 13C-enriched intracellular CO2, the more positive δ13C values of intracellular
CO2 result in organic carbon with more 13C-enriched values (Rau, 1996).
Stable carbon isotope ratios: carbon concentrating mechanisms (CCM)
To overcome potential limitation of carbon fixation at low concentrations of CO2,
nearly all marine phytoplankton have inorganic carbon concentrating mechanisms
(CCMs) which consist of transporters and other mechanisms to raise the intracellular
concentration of DIC (Giordano et al., 2005). CCM’s allow for faster growth rates than
those possible with only a diffusive supply of CO2(aq), increased affinity for DIC in cells
acclimated to low DIC, and higher internal than external concentrations of CO2(aq) or
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DIC (Tchernov et al., 2003). With the use of efficient CCMs, CO2 rarely acts as a
limiting resource for phytoplankton growth; however, species-specific differences exist in
the exact mechanism and the uptake rates of bicarbonate versus CO2 (Martin and Tortell
2008; Reinfelder 2011).
Since bicarbonate is the major species of DIC in the ocean, when phytoplankton
blooms deplete CO2(aq) to limiting concentrations due to high growth demand (Ibelings
and Maberly 1998), many species actively transport bicarbonate and/or CO2 into the cell
to be used for carbon fixation (Kaplan and Reinhold 1999; Martin and Tortell 2008).
Unlike CO2, bicarbonate is not able to passively diffuse into the cell. Therefore, cells
which utilize bicarbonate as an inorganic carbon source have to expend energy and
resources to transport bicarbonate (Reinfelder 2011).
The reversible dehydration of bicarbonate is catalyzed by the enzyme carbonic
anhydrase (CA), which is able to maintain equilibrium proportions of CO2 (aq)
determined by pH and bicarbonate. In some organisms, CO2 is produced at the cell
surface using an external CA, supplying CO2 to the cell surface where it enters the cell by
passive or active transport. Other organisms transport bicarbonate into the cell and then
convert it to CO2 using internal CA. Internal CA is sometimes located in the chloroplast,
providing a direct supply of CO2 for carbon fixation, or cytoplasmic, trapping bicarbonate
in the cytoplasm. CA activity has been measured in diatoms (Tortell et al., 2002; Martin
and Tortell 2006), coccolithophores (Sikes and Wheeler 1982; Rost et al., 2003), and
dinoflagellates (Nimer et al., 1999; Dason et al., 2004; Lapointe et al., 2008); however,
the exact role of CA, and activities of bicarbonate transporters, differ between species.
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There are multiple cellular mechanisms for inorganic carbon concentration across
and perhaps even within species (Reinfelder 2011). Diatoms and the haptophyte
Phaeocystis have high efficiency CCMs and in general, their growth is not limited by
DIC (Tortell et al., 1997; Goldman 1999). Marine diatoms are capable of direct
bicarbonate uptake (Tortell and Morel 2002; Martin and Tortell 2006), and also express
increased CA enzyme activity (Colman and Rotatore 1995); however, diatom
communities have low extracellular CA activity (Martin and Tortell 2006). Some diatom
species have a single-cell C4 carbon pump which acts as a CCM by synthesizing four
carbon (C4) organic acids to support the production of 3C sugars (Reinfelder et al., 2000,
2004; Roberts et al., 2007; Milligan et al., 2009). In contrast, coccolithophores and
dinoflagellates have low efficacy CCMs and therefore their growth is limited by CO2
under certain circumstances (Ratti et al., 2007; Riebesell et al., 2007). Coccolithophores
are capable of utilizing bicarbonate as a source of inorganic carbon (Rost et al., 2003;
Trimborn et al., 2007); however, CA, when present, has low activity levels, which are
unregulated by CO2 concentrations (Sikes and Wheeler 1982; Rost et al., 2003; Nimer et
al., 1997). Production of coccoliths may help supply some CO2 to photosynthetic carbon
fixation; however, these two processes generally do not support one another except
possibly under nutrient or light limitation (Sciandra et al., 2003; Schulz et al., 2007; Feng
et al., 2008).
More positive biomass δ13C values can result from the presence of a CCM,
diffusive limitation of CO2, or a combination of both (Raven et al., 2002; Kevekordes et
al., 2006). The high affinity transporters in some species of phytoplankton allow for little
leakage of CO2 from the cell. Cells with these transporters approach a closed system,
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where nearly all the DIC transported into the cell is fixed and very little of the fractional
effect by source DIC, transport, or carboxylation is shown in δ13C values of the biomass
(Hayes 1993). Additionally, diatoms which utilize a C4 CCM would also have biomass
δ13C values which are more positive due to the small fractionation effect associated with
the C4 carboxylases (Goericke et al., 1994).
The presence of a CCM could also possibly account for more negative δ13C
values if it results in rapid inorganic carbon exchange across membranes (Raven et al.,
2002). Both active transport of CO2 or bicarbonate into the cell and the enzymatic
dehydration of bicarbonate by CA have an associated isotopic discrimination affect,
which could lead to 13C-depleted intracellular DIC if a substantial amount of DIC leaves
the cell, erasing any 13C-enrichment associated with carboxylase activity (Raven, 1993).
The carbon isotope effects on both the enzymatic and non enzymatic dehydration of
bicarbonate are small (1.009‰; Mook et al., 1974; Paneth and Oleary 1985) and at high
enzyme concentrations approach equilibrium isotope effect. Some phytoplankton leak
substantial CO2 to the environment in a light-dependent manner (Tchernov et al., 1998,
2003), which could result in the internal DIC pool approaching isotopic equilibrium with
extracellular DIC. These cells would have more negative biomass δ13C values because
internal CO2 would not be 13C-enriched.
Kinetic isotope effects
During a chemical reaction, the lighter isotopic species (e.g., 12CO2) reacts faster
than the heavier one (13CO2) resulting in different rates of 12C and13C conversion into
products. The kinetic isotope effect (12 k/13 k) is the ratio of the reaction rates of two
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isotopically different molecules. Since kinetic isotope effects are small and close to 1, the
differences among them are magnified by expressing them as ε values:
ε = (12k/13k – 1) x 1000
The isotope fractionation can also be related to δ13C values of substrate and product by
the equation: ε ≈ Δδ13C = δ13C reactant - δ13Cproduct (Lajtha and Marshall 1994).
Isotopic fractionation values are commonly determined using a substrate
depletion method, in which the reaction takes place with a nonreplenished reactant
(O’Leary, 1980) and the change in substrate concentration and substrate isotope ratio are
measured over time. The substrate isotope ratio is measured on a mass spectrometer with
a precision of +/- 0.1‰ (Roeske and O’Leary, 1984; Guy et al.,1993). The Rayleigh
distillation equation describes the change in the isotopic composition of the substrate, in
this case DIC, as it is consumed by the following equation:
(R/R0)=([S]/[S0]) 1/α) – 1
where R = 13DIC / 12DIC
[S] = substrate concentration
A modified linearized version of the Rayleigh distillation equation can be used when CO2
is the substrate to calculate the kinetic isotope effects. This equation incorporates the
equilibrium isotope fractionation factor for DIC (or C):
ln(R) = (1/αC – 1) × ln[DIC] + ln (RDIC0 /([DIC0]((1/αC) – 1))
where R = 13DIC / 12DIC
C =Rbicarbonate / RCO2
The slope of the line created by regressing the ln[DIC] against the ln(R) is used to
calculate α, which is used to calculate the ε value:
ε = (α – 1) x 1000
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A Pitman estimator is used to calculate the average ε value from replicate experiments
with different numbers of data points (Scott et al., 2004). The use of the Pitman estimator
increases the precision of the estimated ε value resulting in a narrower 95% confidence
interval than possible when using a more conventional multiple regression approach
(Scott et al., 2004).
Ribulose-1,5-bisphosphate carboxylase oxygenase (RubisCO), the carboxylase of
the Calvin- Benson-Bassham cycle (CBB), has a rather large fractionation factor (1829‰, Table 1 ). Most biomass has more negative δ13C values than atmospheric CO2 or
oceanic DIC because the organic carbon originated from organisms which fix carbon
using the CBB cycle.
The Calvin-Benson-Bassham cycle
The CBB cycle is the dominant autotrophic carbon fixation pathway on Earth
(Tabita et al., 2008). The carboxylase in the CBB cycle is ribulose 1,5-bisphosphate
carboxylase/oxygenase (RubisCO), which catalyzes the carboxylation of ribulose 1,5bisphosphate (RuBP), yielding two molecules of 3- phosphoglycerate (3-PGA). The CBB
cycle is the only autotrophic carbon fixation pathway operating in eukaryotes and was
most likely acquired the acquisition of cyanobacterial endosymbionts from which
chloroplasts arose (Petersen et al., 2006).
The CBB cycle has three stages: carboxylation, reduction and regeneration
(Bassham 1971). During carboxylation, RubisCO creates an enediol-enzyme complex
from RuBP that can capture CO2 or O2. The CO2 captured by the enediol complex
produces a six carbon intermediate which is immediately split in half, forming two
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molecules of 3-PGA. During the reduction phase of the CBB cycle, two NADPH
molecules are used to reduce the two 3-PGA molecules to glyceraldehyde 3-phosphate
(G3P). To regenerate RuBP, five G3P molecules are used to make three RuBP molecules.
Some G3P molecule is utilized for biosynthesis (Bassham 1971).
RubisCO: reaction characteristics
RubisCO has an innate efficiency problem; CO2 and O2 compete for the
enediolate intermediate complex at the same active site. When RubisCO fixes O2, 2phosphoglycolate (2-PG) is formed, which has limited use to most organisms and it
generally enters an energy requiring salvage pathway (Tabita et al., 2008). The constant
drain on the available pool of RuBP results in a decrease of the efficiency of carbon
fixation by 20-50%, depending on temperature (Tabita et al., 2008; Drake et al., 1997).
The relative carboxylation and oxygenation activities of RubisCO depend on its ability to
discriminate between CO2 and O2 (the specificity factor), and the concentrations of CO2
and O2 at the reaction site. Many studies have attempted to increase RubisCO efficiency
by suppressing the oxygenation reaction (Andrews and Whitney 2003; Spreitzer and
Salvucci 2002; Spreitzer 1993; Long et al., 2006).
In addition to substrate specificity issues, RubisCO is also an extremely slow
catalyst with a turnover rate of 3-5 sec-1. Some organisms compensate for the slow rate
by having large amounts of the enzyme present, making RubisCO the most plentiful
enzyme on earth (Spreitzer and Salvucci 2002). RubisCO enzyme synthesis and activity
is highly regulated to avoid energetically expensive autotrophic CO2 fixation when under
unfavorable conditions. For example, changes in irradiance result in activation or
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inhibition of RubisCO through post translational modifications (MacIntyre et al., 1996;
Jensen 2004; Houtz 2008; Arnold and Nikoloski 2011). The presence of sufficient CO2
for catalysis is signaled to the enzyme via carbamylation, which activates the enzyme
(Lorimer et al., 1980). Uncarbamylated RubisCO, which binds to RuBP prematurely,
results in an inactive complex that must be reactivated by RubisCO activase (Jordan and
Chollet 1983; Portis 2003). Green algae and plants possess a Rubisco activase gene,
while the cbbX gene, commonly found in an operon with RubisCO subunits genes in
proteobacteria such as R. sphaeroides, encodes a protein that functions as an activase
(Cajar et al., 2011). In the light, activase enzymes remove inhibitory compounds, such as
RuBP or 2-Carboxy-D-arabitinol 1-phosphate CA1P, from the active site of RubisCO
(Portis 2003).
RubisCO: forms, phylogeny, and function
There are significant variations among the structure and kinetic parameters of
RubisCOs. Four forms of RubisCO are known: forms I, II, III and IV; however, only
forms I, II, and III catalyze the carboxylation reaction. Form I RubisCO exists as a multi
subunit protein comprised of 8 large and 8 small subunits (Tabita et al., 2008). In plants
and most green algae, the gene encoding the 50KDa large subunit, cbbL, is located in the
chloroplast genome, while the gene encoding the 15KDa small subunit, cbbS, is located
in the nuclear genome (Spreitzer 1993). Both cbbL and cbbS are located in the
chloroplast genome in diatoms, coccolithophores, and other non-green algae (Tabita
1999). These non-green algae also contain a cbbX-like gene immediately downstream
from the cbbLS genes (Tabita 1999).1. For proteobacteria with form I RubisCOs, the large
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(cbbL) and small (cbbS) subunit genes are located in discrete operons generally with
other CBB cycle genes. The eight large subunits form the catalytic core as four dimeric
pairs with four small subunits on the top and bottom. Form II and form III RubisCOs are
compromised of only large subunits and the number of dimers differs between organisms
(Tabita et al., 2008).
Form I RubisCOs are divided four subclasses, IA, IB, IC and ID (Tabita 1999).
Form IA is found in cyanobacteria and proteobacteria (Chen et al., 2004; Scott et al.,
2007; Watson and Tabita 1997), form IB is found in organisms with green plastids and
cyanobacteria, form IC is found in proteobacteria (Gibson and Tabita 1977; Delwiche
1996; Paul et al., 2000), and form ID is found in diatoms, coccolithophores, rhodophytes
and some dinoflagellates (Watson and Tabita 1997). There is also a form IC/ID found in
the firmicute Sulfobacillus acidophilus (Caldwell et al., 2007). Within form I RubisCOs
there is a phylogenic divergence between the IA/IB and IC/ID subclasses. While form
IA-IB share around 80% amino acid sequence identity, the subgroups IA/IB share only
approximately 60% identity with IC/ID (Delwiche and Palmer 1996; Tabita 1999).
RubisCO genes from all four subgroups (IA-ID) are present in phytoplankton (Pichard et
al., 1997; Paul et al., 1999; Paul et al., 2000).
Form II RubisCOs are present in peredinin-containing dinoflagellates (Tabita et
al., 2008) as well as many marine chemolithoautotrophic proteobacteria (Robinson et al.,
1998), where as form III is found only in archaea, mostly anaerobic thermophiles (Finn
and Tabita 2004). The large subunits of form I-III have sequence identity in the catalytic
and CO2 binding sites and are therefore evolutionarily related (Tabita 1995; Delwiche
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1996; Watson et al., 1999); however, they only share about 30-40% amino acid sequence
overall (Tabita 1995, Watson et al., 1999).
Form II RubisCO is often found in organisms that also contain a form I RubisCO;
for example, non-sulphur phototropic bacteria including Rhodobacter sphaeroides, R.
capsulatus, several Thiobacillus sp. and Hydrogenovibro marinus contain both form I
and form II enzymes (Gibson and Tabita 1977; Hayashi et al., 1998). For facultative
autotrophs with both form I and II RubisCOs, form II RubisCO appears to not be the
major means to acquire carbon (Tabita 1999), but instead introduces carbon into the CBB
cycle, where it is reduced, effectively turning the CBB cycle into a means to balance the
intracellular redox potential when oxidizing environmental sources of organic carbon
(Dubbs and Tabita 2004; Tabita et al., 2008).
Form III RubisCO in archaea essentially serves as a salvage pathway for RuBP
produced during purine/pyrimidine metabolism (Finn and Tabita 2004). Archaea which
have form III RubisCO do not encode all of the CBB enzymes (Watson et al., 1999);
however, it appears that form III-like RubisCO from a methanogenic archaean ancestor is
the most probable ancestral source of all RubisCO lineages (Tabita et al., 2008).
RubisCO: differences in catalytic efficiency
The CBB cycle originated under high CO2, low O2 conditions, but as
environmental conditions changed, autotrophic organisms adapted to low CO2, high O2
conditions. In some organisms the catalytic properties of RubisCO were modified (higher
CO2 affinity and increased CO2/O2 selectivity) while other organisms developed CCMs
(Jordan 1981, 1983; Tabita 1988, Tcherkez et al., 2006; Raven et al., 2012). Accordingly
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kinetic properties of RubisCO enzymes from different species and evolutionary lineages
differ substantially (Jordan and Ogren, 1981; Horken and Tabita 1999). The CO2 /O2
specificity factor, which is a measure of the efficiency with which CO2 is able to compete
with O2, is calculated as: VcKo/VoKc where Vc and Vo are maximal velocities of
carboxylation and oxygenation and Kc and Ko are Michaelis constants (Laing et al.,
1974). In general, form I RubisCOs have higher specificity factors: form IC RubisCO
enzymes from α-proteobacteria have values from 5-10, form IB RubisCO enzymes from
chlorophyta have values from 60-100, and form ID RubisCO enzymes from rhodophyta
have the highest specificity values (180-240) (Andersson and Backlund 2008). Form II
RubisCO enzymes have specificity values which are lower than form I RubisCO (10-15;
Tabita 1999).
RubisCO: kinetic isotope effects
Parallel to the difference in affinity and specificity, isotopic selectivity varies
among RubisCO enzymes. Different ε values (ε = (12k/13 k – 1) x 1000) have been
measured for a few form IA, IB, and II enzymes (Table 1). The large scatter of δ13C
biomass values seen in phytoplankton argues for carbon fixation by RubisCO enzymes
with differing ε values. Marine phytoplankton δ13C values range from -30‰ to -6‰, with
coccolithophore and diatom blooms ranging from -27‰ to -10‰ (Bidigare et al., 1997;
Benthien et al., 2007; Kukert and Riebesell 1998; Hinga et al., 1994). While δ13C values
may be affected by CCMs or reliance on bicarbonate as a main carbon source, obtaining
the ε values of the form ID enzymes as well as from form IC enzymes could explain the

29

broad range of δ13C biomass values seen in phytoplankton assemblages and also allow for
accurate carbon cycle modeling involving these organisms.
Table 1. ε-values from different forms of RubisCO

Taxon

Form of
RubisCO ε value (‰)

References

Solemya velum symbiont

IA

24.5

Scott et al., 2004b

Prochlorococcus marinus
MIT9313

IA

24

Scott et al., 2007

Spinacia oleracea

IB

29

Roeske and O'leary 1985

Anacystis nidulans

IB

22

Guy et al., 1993

Rhodobacter sphaeroides

IC

22.9

in prep

Ralstonia eutropha

IC

19.0

in prep

Emiliania huxleyi

ID

11.1

Boller et al., 2011

Skeletonema costatum

ID

18.6

in prep

Riftiapachyptila symbiont

II

19.5

Robinson et al., 2003

Rhodospirillum rubrum

II

23

Guy et al., 1993

Objective and significance
Studies of stable carbon isotope compositions in organisms have relied on the
faulty premise that their RubisCO enzymes have identical catalytic and kinetic properties
to the well-studied spinach RubisCO, which is a form IB enzyme (Laws et al., 1998,
2002; Rost et al., 2002). However, ocean ecosystems are often dominated by primary
producers with form ID (diatoms and coccolithophores), form IA (cyanobacterial
picophytoplankton) and form II RubisCO (corals and dinoflagellates), which are
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phylogenetically and catalytically diverse. Additionally, organisms with form IC
RubisCO may play a role in the missing carbon sink found in soils. We focused on the
characterization of form IC enzymes from R. sphaeroides and R. eutropha and form ID
enzymes from S. costatum and E. huxleyi, since S. costatum and E. huxleyi are both
abundant, ubiquitous contributors to the global carbon cycle while R. sphaeroides and R.
eutropha are well studied and characterized organisms. The hypothesis that form ID
RubisCO will have a low isotopic fractionation value, below the 25‰ “standard” used in
models, will be tested to offer one explanation for the 13C enriched oceanic
phytoplankton biomass. IC RubisCO enzymes are hypothesized to have an isotopic
fractionation value within the range of other measured bacterial RubisCO enzymes
(19.5‰-24.5‰). Furthermore, the Michaelis-Menten parameters of the form ID enzymes
from S. costatum and E. huxleyi will be measured and the cbbL gene from S. costatum
will be sequenced. If there are substantial differences between the fractionation factors of
form IC and ID RubisCOs, models for food webs or global carbon cycles which utilize
stable carbon isotopes, will need to be re-assessed.
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Chapter Two: Low stable carbon isotope fractionation by coccolithophore RubisCO

Note to Reader
This chapter has been previously published and the information is used with the
permission of the publisher. The abstract is included below. Please see appendix A for a
copy of the full published paper.

Boller, A. J., P. J. Thomas, C. M. Cavanaugh, and K. M. Scott. 2011. Low stable carbon
isotope fractionation by coccolithophore RubisCO. Geochimica et Cosmochimica Acta
75: 7200–7207.

Abstract
The 13C/12C ratio of carbon compounds is used to identify sources and sinks in the
global carbon cycle. However, the relatively enriched 13C content observed for marine
organic carbon remains enigmatic. The majority of oceanic carbon is fixed by algae and
cyanobacteria via the Calvin–Benson–Bassham cycle, yet isotopic discrimination by the
CO2 fixation enzyme, RubisCO (ribulose 1,5-bisphosphate carboxylase/oxygenase), has
only been measured for a single marine cyanobacterium. Different forms of RubisCO
occur in different phytoplankton species (overall amino acid identity varying by as much
as 75%) and thus may vary in the degree to which they fractionate carbon. Here we
measured isotope discrimination by RubisCO from the coccolithophore Emiliania
huxleyi, a cosmopolitan species used as a marine algal model. E. huxleyi RubisCO
discriminated substantially less (ε = 11.1‰) against 13CO2 than other RubisCO enzymes
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(18–29‰), despite having Michaelis–Menten kinetic parameters (KCO2 = 72 µM; Vmax =
0.66 µmol min-1 mg-1 protein) similar to those measured for RubisCO enzymes from
different organisms. If widespread, decreased isotope discrimination of 13C by
phytoplankton RubisCO may be a major factor influencing the enriched 13C content of
marine organic carbon. This finding emphasizes the necessity of (a) determining ε values
for RubisCOs of other marine phytoplankton and (b) re-evaluation of δ13C values from
physiological, environmental, and geological studies.
©2011 Published by Elsevier Ltd.
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Chapter Three: Isotopic discrimination and kinetic parameters of RubisCO from
the marine bloom-forming diatom Skeletonema costatum

Diatoms are major primary producers in the ocean, responsible for 20% of global
marine carbon fixation (Armbrust 2009; Nelson et al., 1995; Tabita et al., 2008). In areas
of nutrient upwelling, large blooms of diatoms quickly dominate the phytoplankton
communities (Armbrust 2009; Nielsen and Hansen 1995; Tabita et al., 2008), and form
the base of bloom-associated food webs (Dore et al., 2008; Van De Waal et al., 2010).
The diatom Skeletonema costatum is a common, global member of the plankton
community in temperate areas (Eilertsen and Degerlund 2010; Li et al., 2010; VaronaCordero et al., 2010), and therefore is a good candidate for further investigation into
diatom carbon fixation kinetics.
To catalyze carbon fixation, diatoms use ribulose-1,5-bisphosphate
carboxylase/oxygenase (RubisCO), the carboxylase of the Calvin-Benson-Bassham
cycle. Five forms of RubisCO are found in marine organisms (IA, IB, IC, ID, and II;
Fig.1). Form ID is particularly prevalent in marine habitats, where it is present in most
eukaryotic organisms with non-green chloroplasts such as diatoms, coccolithophores,
rhodophytes, and some dinoflagellates (Watson and Tabita 1997b). Form IB RubisCO is
the most extensively studied because it is present in eukaryotic green chloroplasts from
algae and land plants. Form IA is also prevalent in marine habitats, found in
Prochlorococcus and Synechococcus spp. (Chen et al., 2004; Scott et al., 2007; Watson
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and Tabita 1997a), and form IC has been detected in marine samples using molecular
methods (Paul et al., 2000). Form II RubisCO is present in peredinin-containing
dinoflagellates (Tabita et al., 2008) as well as many marine chemolithoautotrophic
bacteria (Robinson et al., 1998).
Diverse environmental and physiological pressures on carbon fixation have
selected for RubisCO enzymes with kinetic properties which vary greatly (Tabita 1999).
KCO2 values of the form I RubisCO enzyme range from 5 to 175 µM while those from
form II range from 100 to 250µM (Horken and Tabita 1999). Different forms of
RubisCO are found in phylogenetically, metabolically and ecologically diverse
organisms, and hence have evolved varying structural and kinetic properties (e.g.,
specificity for CO2 versus O2, KCO2 values, and carbon isotopic discrimination; (Tabita et
al., 2008; Tcherkez et al., 2006). Stable carbon isotope compositions [δ13C =R/Rstd – 1,
where R= 13C/12C, Rstd= 13C/12C of the Pee Dee Belemnite standard (O'leary et al., 1992)]
of phytoplankton biomass have been used to infer the physical and physiological factors
influencing carbon fixation in the ocean (Hayes 2001; Hugler and Sievert). δ13C values
of phytoplankton biomass are more negative (-30‰ to -12.5‰; Bidigare et al., 1997;
Lara et al., 2010) than ocean dissolved inorganic carbon (DIC; = CO2 + HCO3- + CO3-2;
0.3‰ to 1.8‰ (Gruber et al., 2002; Keeling et al., 2004; Quay et al., 2007), due to
isotopic discrimination by RubisCO. Physical factors, such as DIC isotopic composition
and nutrient availability, as well as physiological factors, such as growth rate and type of
carbon concentrating mechanism (CCM) utilized, also have a pronounced effect on
phytoplankton δ13C values. In order to estimate the magnitude of these factors on
biomass δ13C values, it is common to assume RubisCO isotopic discrimination [ε value; =
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RCO2/R fixed – 1) x 1000)] is ~25‰ (Bidigare et al., 1997; Burkhardt et al., 1999b;
Goericke et al., 1994; Laws et al., 1995; Popp et al., 1998). This assumption is
problematic, as the few ε values that have been measured in RubisCOs from different
organisms vary considerably. Form IA and IB RubisCO enzymes which have been
studied to date fractionate more (ε = 22‰ to 29‰; Table 1; Guy et al., 1993; Scott et al.,
2007; Scott et al., 2004b) than form ID or form II (ε = 11.1‰ to 19.5‰; (Boller et al.,
2011; Robinson et al., 2003; Roeske and O'leary 1985). Because organisms with form ID
RubisCO are ubiquitous and abundant in the ocean, the decreased isotopic discrimination
by form ID RubisCO could greatly influence 13C content in marine organic carbon and
may even account for the observed 13C enrichment of marine carbon (Michener 1994). In
order to provide a better baseline upon which to decipher the influences of environmental
and physiological factors on diatom δ13C values, as well as to better understand the
operation of S. costatum RubisCO in situ, the cbbL gene sequence was verified, as
available sequences for this enzyme had many ambiguous residues, and ε value and
Michaelis-Menton parameters were determined.
Methods
Diatom cultivation
Skeletonema costatum cultures (CCMP1332; Provasoli-Guillard National Center
for Culture of Marine) were grown in f/2 medium (Guillard and Ryther 1962) at 18-22°C,
under constant illumination. One L of f/2 media was inoculated with 5 mL of cell
culture. After one week of growth, the 1 L culture was added to 4 L of fresh media for
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another week of growth with aeration. Cells were harvested from the 5 L cultures by
centrifugation (5000g, 15min), flash-frozen in liquid nitrogen, and stored at -80°C.
Cloning and sequencing of the RubisCO large subunit gene (cbbL)
To resolve some of the ambiguous residues present in publicly available cbbL
gene sequences, the S. costatum cbbL gene was re-sequenced. DNA was purified from S.
costatum using the CTAB method (Feil and Feil 2004). Primers for the S. costatum cbbL
gene were designed from a partial cbbL sequence (Daugbjerg 1997) and purchased from
Integrated DNA Technologies (USA). To amplify the first half of the gene (1bp - 840
bp), the forward primer 5’-GGGTTACTGGGATGCTTCATACAC-3’ and reverse primer
5’-CCAACAGCTTTAGCATACTCAGCAC-3’ were used. The primers used to
replicate the second half of the gene (560bp - 1428bp) were forward primer 5’GGAAGGTATTAACCGTGCATCAGC-3’ and reverse primer 5’TCTGTTTGCAGTTGGTGTTTCAGC-3’. The two PCR products were each ligated into
the pCR2.1 vector using the TA Cloning Kit (Invitrogen, 45-0046; California, USA).
The plasmids with RubisCO gene inserts were transformed into One Shot TOP10 cells;
transformants were grown on Luria agar plates with 100 µg ml-1 ampicillin, 50 µg x ml-1
kanamycin, and spread with 40 µl of 20 mg x ml-1X-gal solution. Transformants were
propagated in Luria broth (100 µg ml-1 ampicillin, 50 µg x ml-1 kanamycin) overnight
and the plasmids were purified using the QIAprep Spin Miniprep Kit (Qiagen, 12125;
California, USA). Three different plasmids for each of the two RubisCO gene inserts
were sequenced (Macrogen, Maryland, USA). The sequence was deposited at Genbank
(accession # XXXYYY; sequence will be submitted upon publication of manuscript).
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Phylogenetic Analysis
A phylogenetic analysis of the gene encoding the large subunit of RubisCO
(cbbL) from S. costatum and other organisms was accomplished using a maximum
likelihood tree with cbbL sequences obtained from NCBI via-BLASTp. Amino acid
sequences were aligned using the ClustalW2 program, and a maximum likelihood tree
was constructed from the alignment using MEGA 4.0 with 1500 replicates for
bootstrapping (Tamura et al., 2007).
RubisCO purification from S. costatum
RubisCO was partially purified from frozen cell pellets using ammonium sulfate
precipitation. For all purification steps, samples were kept at 4°C. The pH of 7.5 was
used for all buffers as this pH was found to be optimal for enzyme activity (data not
shown). Frozen cell pellets were resuspended in lysis buffer [ 20mmol L-1 Tris pH 7.5,
10mmol L-1 MgCl2, 5mmol L-1 NaHCO3, 1mmol L-1 EDTA, and 1mmol L-1 dithiothreitol
(DTT)], sonicated twice for 30 sec with glass beads, and centrifuged (5000g, 15 min).
(NH4)2SO4 was added to the supernatant to a final concentration of 30% saturation, and
proteins were allowed to precipitate for 15 min. After centrifugation (5000g, 15 min), the
pellet was discarded and the supernatant was brought to 50% (NH4)2SO4 saturation.
Proteins that precipitated at 30-50% (NH4)2SO4 saturation were collected by
centrifugation and dissolved in BBMD buffer (50mmol L-1 bicine pH7.5, 25mmol L-1
MgCl2, 5mmol L-1 NaHCO3, and 1mmol L-1 DTT). The partially purified proteins were
desalted into BBMD buffer (HiPrep 26/10 desalting column; Amersham Biosciences,
New Jersey, USA).
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Verification of RubisCO activity
RubisCO activity in partially purified protein extracts was monitored by the
incorporation of 14CO2 into 3-phosphoglycerate (PGA). 0.5 mL of purified RubisCO
extracts were added to 1 mL of assay buffer [50mmol L-1 bicine, pH 7.5, 20mmol L-1
MgCl2, 5mmol L-1 NaHCO3, 1mmol L-1 DTT, and 2µCimL-1 DI14C (MP Biomedicals,
Irvine CA)] and pre-incubated for 15 min. Reactions were started by the addition of 1
mmol L-1 ribulose-1,5-bisphosphate (RuBP) (Sigma R0878, USA). At 30 sec intervals,
350 µl portions were removed from the reaction mix and added to 200 µl glacial acetic
acid to stop the reaction. After the samples were dried by sparging with air, 3 mL of
ScintiSafe Plus 50% scintillation cocktail (Fisher Scientific #SX25-5, USA) were added.
Assays lacking RuBP were performed as a control for CO2 fixation independent from
RubisCO activity.
KCO2 measurements
The KCO2 and Vmax of S. costatum RubisCO were measured radiometrically
(Horken and Tabita 1999; Schwedock et al., 2004). The assay buffer (50mmol L-1 bicine,
pH 7.5, 30mmol L-1 MgCl2, 1mmol L-1 DTT) was prepared with low CO2 and O2
concentrations as in Schwedock et al., 2004, with a buffer composition (e.g., MgCl2
concentration) similar to previous KCO2 determinations to permit comparisons. Eight
different incubations were conducted with DIC concentrations ranging from 0.2 to 14
mM in glass vials primed with stir bars and sealed under an N2 overpressure with gastight septa. Before the reaction was started, 2 µCi mL-1 DI14C and bovine erythrocyte
carbonic anhydrase (40 μgmL-1; Sigma C3934) were added to each vial. Approximately
39

~1 mgml-1 of partially purified S. costatum RubisCO in BBMD buffer was then added,
followed quickly by RuBP (0.4 mM final concentration) to begin the reaction. Samples
(200 µl) were removed with a gastight syringe at 1 min intervals over a 4 min time
course. These samples were immediately injected into scintillation vials containing
200µl glacial acetic acid to quench the reaction and remove 14CO2. The samples were
sparged with air and left for approximately 6 hours to ensure that they were completely
dry before 3 mL scintillation cocktail were added to quantify the acid-stable (fixed) 14C.
The initial activity of each incubation was measured by injecting 10 μl samples into
scintillation cocktail containing phenylethylamine (SX10-1000 Fisher Scientific, USA) to
trap the NaH14CO3. Both acid-stable 14C samples and the initial activities were measured
via scintillation counting. Five independent experiments were conducted.KCO2 and Vmax
values for the five experiments were estimated from the carbon fixation rates using direct
linear plots (Eisenthal and Cornish-Bowden 1974), which treats each data point equally,
unlike linearizations such as Lineweaver-Burk, which overemphasize data points from
the lowest and highest substrate concentrations.
RubisCO isotope discrimination
The ε-value of partially purified S. costatum RubisCO was measured at pH 7.5
using the high-precision substrate depletion method (Boller et al., 2011; Scott et al.,
2004b). The reaction was prepared by sparging BBMD buffer with N2 to minimize the
concentration of O2, and 1 mg / 25 mL of bovine erythrocyte carbonic anhydrase (CA;
Sigma 3934, USA) was added to maintain DIC at chemical and isotopic equilibrium.
Partially purified RubisCO was added to the BBMD buffer to a final concentration of ~1
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mg mL-1 protein. This reaction mixture was then filter sterilized (0.45µm) and loaded
into a heat-sterilized, septum-sealed 25 mL glass gastight syringe with a stir bar. After
activating the RubisCO by incubating the enzyme for 15 min at 25°C in the gastight
syringe, filter-sterilized (0.22µm) enzymatically synthesized RuBP (~100 µmoles; Scott
et al., 2004b) was injected into the syringe to begin the reaction.
The concentration and δ13C value of DIC were measured over time, as the
RubisCO reaction consumed CO2. Triplicate samples were acidified in gas tight syringes
with 43% phosphoric acid (1:4 ratio) to terminate the reaction and convert the DIC to
CO2. The [DIC] of the triplicate samples was measured via gas chromatography
(HP/Agilent 5890A, USA) (Dobrinski et al., 2005). Using a vacuum line, the DIC was
cryodistilled from one of the samples from each time point for δ13C determination using a
gas inlet mass spectrometer (O'leary 1980; Scott et al., 2004b) at the Boston University
Stable Isotope Laboratory.
Five independent ε measurements were performed using partially purified S.
costatum RubisCO. ε values were calculated by regressing the natural log of the
concentration of DIC against the natural log of its isotope ratio (R = 13DIC/12DIC;lnR =
((αC)-1 – 1)× ln[DIC] + ln( RDIC0× ([DIC0]((1/αC) – 1))-1), where C =Rbicarbonate× RCO2-1)(Scott
et al., 2004b), which accounts for the equilibrium isotope effect between CO2 and
bicarbonate (Mook et al., 1974), since the δ13C of DIC is what is actually measured in
these experiments. Values of ε were then calculated from α values, the kinetic isotope
effect, as ε = (α -1)×1000. The average ε value from replicate experiments was calculated
using a Pitman estimator (Scott et al. 2004a). To determine whether alternate
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carboxylases were fixing CO2, incubations were also run without RuBP, as well as in the
presence of 5mmol L-1 3-PGA (Sigma P8877, USA). Parallel incubations were also
conducted with spinach RubisCO (sigma R8000) to verify the reliability of the methods
used here.
Results
Sequencing the cbbL gene of S. costatum resulted in an improved sequence, resolving
101 nucleotides which were previously ambiguous (GenBank: AF015569.1). A
Emiliania huxleyi
Helicosphaera carteri
Chrysochromulina parva
Platychrysis sp. TKB8934
Pleurochrysis haptonemofera
Phaeodactylum tricornutum

ID

Cylindrotheca sp.
Galeidinium rugatum
Skeletonema costatum
Thalassiosira pseudonana
Bostrychia moritziana
Ralstonia eutropha H16

IC

Rhodobacter sphaeroides

Prochlorococcus marinus str. NATL2A
Prochlorococcus marinus str. MIT 9313
Synechococcus sp. CC9902

IA

Solemya velum gill symbiont
Synechococcus elongatus PCC 7942
Synechococcus sp. PCC 7002
Synechococcus sp. SH-94-5

IB

Nicotiana tabacum
Spinacia oleracea

Riftia pachyptila Endosymbiont
Rhodobacter sphaeroides ATCC 17029

II

Rhodospirillum rubrum ATCC 11170
0.2

Figure 1. Phylogenetic analysis of selected RubisCO large subunit genes (cbbL). Amino
acid sequences were aligned using MUSCLE program and a maximum likelihood tree
was created (MEGA 4 software; Tamura et al., 2007). Form II RubisCO genes were used
to form the outgroup of the tree.
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phylogenetic analysis was completed using this sequence to confirm the placement of the
S. costatum cbbL gene among other form ID RubisCO cbbL genes (Fig. 1).
RubisCO was the only carboxylase activity detected in the extracts used for these
experiments; [DIC] decreased over time, and 14C-DIC was fixed, only in the presence of
RuBP (Fig. 2). The product 3-PGA was also added to reactions which did not include
RuBP, to confirm that the product of the reaction did not stimulate any additional DIC
consumption (Fig. 3). The KCO2 and Vmax, calculated from three independent experiments,
were found to be 48.9(+/- 2.8) μmol and 1.65(+/- 0.06) μmol min-1mg-1, respectively.
The five alpha values (1.019, 1.018, 1.019, 1.015, 1.020), were calculated from
the inverse of the slope, which has an associated standard deviation symmetrical to the
slope value. Since the alpha values are calculated from the inverse of the slope and the
standard deviation is assymetrical around the average alpha (and epsilon value), the
average epsilon value is presented with a 95% CI. S. costatum RubisCO had ε values of
15.9‰, 18.6‰, 19.0‰, 19.7‰, and 20.2‰ (Fig. 4), with the Pitman average ε value of
18.5‰ (95% CI:17.0-19.9‰). The CI has a narrower range than the observed individual
ε values because the Pitman estimator generates very narrow 95% CI’s that have been
rigorously demonstrated to cover the true value 95% of the time (Scott et al., 2004).
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Figure 2. Radiometric assay of partially purified S. costatum RubisCO. Assays were
conducted in the presence (open symbols) and absence (filled symbols) of RuBP to
confirm that all detectable carboxylase activity was due to RubisCO.
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Figure 3. The consumption of DIC over time by S. costatum RubisCO. Five independent
incubations which include RuBP (open symbols) were used to calculate the ε value of S.
costatum RubisCO. The experiments conducted in absence of RuBP (filled symbols)
demonstrate the lack of alternative carboxylase activity. Filled square symbols indicate
incubations to which 3-PGA had been added.
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Figure 4. Isotopic fractionation of dissolved inorganic carbon (DIC) as CO2 is consumed
by S. costatum RubisCO (open symbols) and spinach RubisCO (filled symbols). The
dotted line represents the results from the average ε value from the five S. costatum
RubisCO experiments, while the solid line represents the line resulting from the average ε
value from the three spinach RubisCO experiments.

Discussion
The KCO2and Vmax values of Skeletonema costatum RubisCO were similar to those
measured for other form ID RubisCO enzymes from diatoms and rhodophytes (KCO2 = 5 60 µmol L-1;V max = 0.7 – 1.7µmol min-1mg-1; (Horken and Tabita 1999)). The ε value
fell within the range measured for other form I RubisCOs (11.1‰ - 29‰; Table 1;
(Boller et al., 2011; Mcnevin et al., 2007; Robinson et al., 2003; Scott et al., 2007; Scott
et al., 2004b)). S. costatum RubisCO ε value is significantly different from E. huxleyi
RubisCO ε value as well as spinach RubisCO ε value. While the S. costatum ε value is
lower than those measured from form IA or IB enzymes, it is not as low as the ε value
measured for E. huxleyi form ID enzyme, and is actually similar to form II RubisCO ε
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values. While this result is unexpected for form I RubisCO enzymes, replicate
experiments conducted with S. costatum enzyme purified from separate cultures were
consistent, with ε values falling within a 4.3‰ range (15.9-20.2‰; Fig. 4).
The RubisCO ε value measured for S. costatum is consistent with intact cell
isotope discrimination measured in cultures. Isotope discrimination by whole cells is
calculated as ε p (ε p, = [RCO2/Rbiomass – 1] × 1000), and ranges from 6.2‰ to 19‰ for S.
costatum (Burkhardt et al., 1999b; Falkowski 1991; Gervais and Riebesell 2001; Hinga et
al., 1994; Leboulanger et al., 1995). ε p values were low (6.2 to 14‰) when S. costatum
was grown under low CO2 conditions or stimulated with light intensity to increase growth
rate (Burkhardt et al., 1999a; Burkhardt et al., 1999b; Gervais and Riebesell 2001; Hinga
et al., 1994). Conversely, ε p values were higher (12.4 to 19 ‰) with elevated [CO2], or
with decreasing growth rate due to nutrient or light limitation. Similar changes in ε p
values were seen in other diatom species as well as coccolithophores and dinoflagellates
(Burkhardt et al., 1999a; Burkhardt et al., 1999b; Falkowski 1991; Hinga et al., 1994;
Leboulanger et al., 1995). The specific factors limiting phytoplankton growth rate (i.e.
light or nutrients) had differing influences on ε pvalues, depending on limiting factor, in
the diatom Phaeodactylum tricornutum (Riebesell et al., 2000). ε p values were
considerably higher in nitrogen limited cultures (Laws et al., 1995, 1997) at all tested
growth rates under similar [CO2] when compared to light-controlled growth (Johnston
1996, Burkhardt et al., 1999a, Riebesell et al., 2000). ε pvalues also tend to be higher (12
- 25‰) in smaller species (Burkhardt et al., 1999a; Burkhardt et al., 1999b).
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ε p values lower than enzyme ε values, which occur when CO2 concentrations are
low or growth rates are high (see above), can be attributed to isotopically enriched
intracellular CO2 pools. As growth rate increases, the rate of CO2 fixation by RubisCO
approaches the rate of exchange between intracellular and extracellular CO2 pools (Scott
2003). Because RubisCO fixes 12CO2 more rapidly than 13CO2, a pool of isotopically
enriched intracellular DIC is formed. Hence isotopically enriched biomass is produced
by RubisCO when drawing from a more isotopically enriched intracellular CO2 pool.
Additionally, in low [CO2] environments, some marine autotrophs will transport HCO3using a CCM and convert the HCO3- into CO2 using carbonic anhydrase (CA) (Reinfelder
2011). CCM’s lead to isotopically enriched intracellular CO2 pools by decreasing the
exchange of DIC between intercellular and extracellular pools. Larger cell size, or the
smaller surface area to mass ratio, can also lead to isotopically enriched intracellular CO2
pools due to the lower rate of exchange with the environment when compared to smaller
cells (Burkhardt et al., 1999a; Burkhardt et al., 1999b). Therefore, the measured culture ε
p

values lower than enzyme ε values (18.5‰) can be mainly attributed to a lower rate of

exchange between intracellular and extracellular CO2 pools, relative to carbon fixation
rates.
The enzymatic ε value measured for S. costatum is also consistent with ε p values
measured from blooms where S. costatum or mixed diatom species were the primary
species of phytoplankton in the bloom (10.6‰ to 20.3‰; Dehairs et al., 1997; Goering et
al., 1990; Korb et al., 1996; Kukert and Riebesell 1998; Ostrom et al., 1997; Popp et al.,
1999). Some of this variability in ε p values among blooms is likely due to variability in
isotope fractionation by different RubisCO enzymes in different diatom species;
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however, the bloom ε p values are comparable to those measured in mono-species cultures
(see above). Similar to cultures, some variability in ε p values for diatom blooms can also
be attributed to changes in [CO2] or growth rates, caused by environmental factors, such
as temperature, nutrient limitation, photon flux density, or pH (Brutemark et al., 2009;
Johnston 1996; Riebesell et al., 2000). Consistent with this possibility, bloom organisms
tend to have lower ε p (10.6‰ -12.2‰) at the end of the bloom, when CO2 demand is
high due to elevated growth rates (Kukert and Riebesell 1998). With the measured ε
value of S. costatum, the δ13C values of intracellular CO2 can be estimated, and with
them, the relative rates of CO2 exchange and fixation. This information could be used to
obtain more precise estimates of in situ carbon fixation rates.
Because S. costatum and other diatoms can quickly become the dominant
phytoplankton species, isotopically less selective RubisCO can lead to δ13C enriched
oceanic biomass around the area of a bloom. For example, zooplankton from areas with
diatom blooms have relatively high δ 13C biomass values compared to zooplankton found
near phytoplankton with depleted δ 13C biomass ((Fry and Wainright 1991). The
coccolithophore Emiliania huxleyi, another bloom forming organism, also has been
shown to have a RubisCO with low ε values (11.1‰; Boller et al., 2011). If RubisCO
enzymes from marine phytoplankton generally have lower ε values this could, in part,
explain why marine organic carbon is 13C-enriched relative to terrestrial C3-based
ecosystems.
With rising atmospheric CO2 concentrations, it is essential to have accurate
carbon cycle modeling. Since some carbon cycle models rely on δ13C values to estimate
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carbon fixation rates (Rayner et al., 2008), it is crucial to determine the isotopic
discrimination by RubisCO. Because isotopic discrimination by RubisCO varies
substantially among organisms, a single ε value must not be applied in a blanket manner
across taxa (Table 1). If other form ID RubisCOs prove to also be isotopically less
selective, changes may be required for more accurate predictions in current food web and
oceanic carbon modeling equations that use δ13C values (Loubere and Bennett 2008; Post
2002; Rayner et al., 2008). Collecting isotopic fractionation data from RubisCO enzymes
from diverse organisms will allow for more inclusive carbon models that will generate
better estimations of global carbon fixation.
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Chapter 4: Isotope Discrimination by Form IC RubisCO 2.
Five alternative pathways to the Calvin-Benson-Bassham cycle exist in
autotrophic prokaryotes, each of which differ in energetic expense, oxygen sensitivity,
and cofactor requirements (Fuchs, 2011). It is often difficult to infer which carbon
fixation pathway is operating in contemporary and ancient microbially-dominated
habitats, as it is not always possible to collect biochemical and/or nucleic acid-based
evidence for pathway presence, particularly in fossil biomass samples. Instead, variations
in the relative amounts of 12C and 13C in autotrophic microbial biomass, expressed as
δ13C values (= {[Rsample/Rstandard] – 1} X 1000; Rsample = 13C/12Csample, Rstandard =
13

C/12CPeeDeeBelemnite), can be used to gather information about the metabolic pathway(s)

used by these organisms. For autotrophs, δ13C values can also be used to ascertain the
rate of CO2 exchange between the cell and the environment, to determine the source of
the CO2, and to elucidate environmental factors influencing carbon fixation (Hayes,
2001). The broad range of δ13C values collected for autotrophic microorganisms (δ13C =
-8‰ to -35‰) has been utilized as evidence for the interplay of these factors. However,
in order for the influence of the above factors to be rigorously evaluated, the baseline
fractionation by the carboxylase(s) responsible for carbon fixation must be measured
(Peterson and Fry, 1987; Fuchs, 1989; Goericke et al., 1994; Hayes, 2001; Scott, 2003).
2. This is a heavily modified version of a chapter that was previously published in Phaedra
Thomas’s thesis “Stable carbon isotope discrimination by form IC RubisCO from Rhodobacter
sphaeroides”, 2008. The entire chapter was rewritten to include background information, data,
and discussion of the Ralstonia eutropha RubisCO enzyme.
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Figure 5. Maximum likelihood tree of RubisCO large subunit (cbbL) nucleotide
sequences. The nucleotide sequences obtained from GenBank were translated to amino
acid sequences and aligned based on the amino acid sequences using BIOEDIT (Hall,
2007). The alignments were examined to make certain that active sites and other
conserved regions were properly aligned. Nucleotide sequences were used to assemble a
phylogenetic tree with MEGA 3.1 software, using the Kimura 2-parameter nucleotide
model with 1000 replicates for calculating bootstrap values (Kumar et al., 2004).
51

RubisCO (ribulose 1,5-bisphosphate carboxylase/oxygenase), the carboxylase
enzyme used in the Calvin-Benson-Bassham (CBB) cycle, exists in six different forms
that are catalytically active as carboxylases (IA, IB, IC, ID, II, and III; Figure 5). Form I
RubisCO is present in cyanobacteria (IA, IB), some proteobacteria (IA, IC), most
chloroplasts (IB, ID) (Tabita, 1999), and the firmicute Sulfobacillus acidophilus (IC/ID)
(Caldwell et al., 2007). Form II is found in proteobacteria and some dinoflagellates, and
form III is present in some archaea (Tabita, 1999). Given the divergent forms of
RubisCO, it is not surprising that RubisCO enzymes discriminate against 13CO2 to
different degrees. Isotope discrimination (ε ={[12k/13 k] – 1} X 1000; 12k and 13k = rates
of 12C and 13C fixation; (Guy et al., 1993) has been measured in a limited number of form
IA, IB, ID and II enzymes, and ranges from 11.1 to 29‰ (Roeske and O'Leary, 1984,
1985; Guy et al., 1993; Robinson et al., 2003; Scott et al., 2004a; Scott et al., 2007;
Boller et al., 2011). Since the form IC RubisCOs share more sequence similarity to form
ID RubisCOs than to form IA and IB enzymes (Figure 5), their degree of isotopic
discrimination may be closer to the values measured from the form ID RubisCO enzymes
(11.1 -18.6‰; Boller et al., 2011; Boller, 2012).
Isotope discrimination by form IC RubisCO has not been measured, despite the
presence of this enzyme in many proteobacteria of ecological and commercial interest,
including marine manganese-oxidizing bacteria (Caspi et al., 1996; Paul et al., 2000),
some nitrifying and nitrogen-fixing bacteria, and soil microorganisms like the extremely
metabolically versatile bacteria, Rhodobacter sphaeroides (Tabita, 1999) and Ralstonia
eutropha (Cramm, 2009; Fig. 5). R. sphaeroides is an α-proteobacterium capable of
nonoxygenic photolithoautotrophic growth and photoheterotrophic growth (Qian and
52

Tabita, 1996). This organism has two RubisCO enzymes, a form IC RubisCO and a form
II RubisCO (Gibson and Tabita, 1977), which are differentially expressed in response to
a variety of growth conditions, e.g. CO2 concentration (Dubbs and Tabita, 2003). R.
eutropha, is a respiratory facultative lithoautotrophic β-proteobacterium, which can use
hydrogen as a sole energy source, but can also can grow heterotrophically using organic
compounds for energy (Bowien and Kusian, 2002; Cramm, 2009). R. eutropha has been
found in both soil and water ecosystems and was shown to be a major component of the
soil microbes contributing to CO2 fixation by terrestrial ecosystems, accounting for ~ 4%
of the total terrestrial carbon fixation each year (Yuan et al., 2012). R. eutropha is able to
produce polyhydroxyalkanoates, a biodegradable polymer which can act as substitute for
petroleum-based plastics (Khanna and Srivastava, 2005; Chanprateep, 2010), but also
may allow for greater carbon retention in soils since they are not readily turned over or
mineralized. Unlike R. sphaeroides, R. eutropha only has one RubisCO enzyme, which is
encoded with the majority of the other CBB genes in one large operon (Bowien and
Kusian, 2002).
In order to be able to detect the isotope signature of organisms using form IC
RubisCO for carbon fixation, we measured the ε value for R. sphaeroides and R.
eutropha RubisCO using the high-precision substrate depletion method (Guy et al., 2003;
Robinson et al., 2003; and Scott, 2003). Since the ε value is roughly equal to the
difference between the δ13C of the CO2 source from which the RubisCO is drawing
(intracellular CO2) and the δ13C of the CO2 that it fixes (Guy et al., 1993; Scott et al.,
2004a), heterogeneity in RubisCO ε values is likely to be responsible for some of the
δ13C scatter observed in CBB autotrophs. If the ε values from IC RubisCO are known,
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the values could be used to calculate the expected δ13C of an organism’s biomass.
Knowing the expected δ13C biomass value of an organism could allow them to be
distinguished from organisms using alternative carbon fixation pathways as well as from
other CBB autotrophs using RubisCO enzymes with significantly different ε values.
Given the low ε values for form ID enzymes (Boller et al., 2011), it was of interest to
determine whether form IC/D enzymes were also less isotopically selective.

Methods

RubisCO purification

Form IC enzyme was cloned from R. sphaeroides and R. eutropha, expressed in
Escherichia coli, and purified using standard HPLC protocols (Lee and Tabita, 1990;
Horken and Tabita, 1999). The purity of the enzyme was verified by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Lee and Tabita, 1990).
RubisCO isotope discrimination
RubisCO ε values were determined by using the substrate depletion method, in
which a buffered solution of RubisCO, carbonic anhydrase (CA), ribulose 1,5bisphosphate (RuBP), and dissolved inorganic carbon is sealed in a gastight syringe
(Scott et al., 2004). The ε value is calculated from the changes in the δ13C value of the
dissolved inorganic carbon pool as it is consumed by RubisCO (Scott et al., 2004a).
RuBP was synthesized enzymatically to minimize the concentration of inhibitory isomers
present in commercially-available RuBP (Scott et al., 2004; Scott et al., 2007). Fresh
RuBP was stored at -70°C and used within one week of synthesis.
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Form IC RubisCO was prepared for the reaction by desalting it into RubisCO buffer
(50mM bicine pH 7.5, 25mM MgCl2, 5mM NaHCO3, 1mM dithiothreitol), using PD-10
columns (Amersham Biosciences, NJ). 20 mL of reaction buffer (RubisCO buffer
without NaHCO3) was sparged with N2 and 1 mg of bovine carbonic anhydrase (CA) was
added. This solution was filter-sterilized and loaded into a glass gastight syringe sealed
with a septum. Filter-sterilized NaHCO3 (final concentration of 5 mM) and RubisCO (~1
mg/mL) were added to the reaction syringe and activated for 10-15 minutes. The
reaction was started by injecting fresh RuBP (~5 mM) into the syringe, and was
maintained at 25°C. Reaction progress was monitored by removing samples and
injecting them into a gas chromatograph (Dobrinski et al., 2005) to measure the dissolved
inorganic carbon concentration (DIC, = CO2 + HCO3- + CO3-2).
For R. sphaeroides, samples were removed over the time course of the reaction
from the reaction syringe, acidified with 43% phosphoric acid, and injected into a
vacuum line to cryodistill the DIC (Scott et al., 2004). The cryodistilled DIC samples
were sent to the Boston University Stable Isotope Facility for measurement of the δ13C of
the DIC.
For R. eutropha samples were removed over the time course of the reaction and
acidified with 2 ml of 85% phosphoric acid. δ13C of the DIC was measured using a
(Thermo Fisher Scientific (Finnigan) Delta V 3 keV) Isotope Ratio Mass Spectrometer.
ε values were derived from the DIC concentrations and the δ13C values of the DIC
as calculated in Scott et al. (2004). A modified version of the Rayleigh distillation
equation was used:
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ln(RDIC) = {(1/αC) -1} x ln[DIC] + ln{(RDIC0 /[DIC]0) (1/αC – 1)}
where
RDIC = 13C/12C of DIC at a particular timepoint
RDIC0 = RDIC at the first timepoint
[DIC] = concentration of DIC at a particular timepoint
[DIC]0 = [DIC] at the first timepoint
C
= RHCO3-/RCO2 from Mook et al. (1974)
α
= k12/k13 = kinetic isotope effect for CO2
The ε values were calculated from the slope of this line (ε = (α- 1) ×1000), and data from
multiple runs were averaged using Pitman Estimators (Scott et al., 2004).

Results

As expected, carbon fixation by form IC RubisCO of R. sphaeroides and R.
eutropha results in isotopic enrichment of the remaining dissolved inorganic carbon (Fig.
6, Fig. 7, Fig. 8). The ε value for the R. sphaeroides enzyme is 22.9‰ with a 95%
confidence interval of 21.4-24.7‰, while R. eutropha RubisCO enzyme has an ε value of
19.0‰ with a 95% confidence interval of 17.5 - 20.4‰. R. sphaeroides and R. eutropha
RubisCO are both less isotopically selective than spinach RubisCO (ε = 28.3‰; 95% CI
24.6-32.1‰, when incubated under identical conditions; Boller et al., 2011).
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Figure 6. Assay of changes in DIC for R. sphaeroides and R. eutropha RubisCO.
Changes in the concentration (solid symbols) and δ13C (open symbols) of DIC over time
for R. sphaeroides RubisCO (squares) and R. eutropha RubisCO (circles) sealed in a
sterile, gastight syringe in buffer with ribulose 1,5-bisphosphate and carbonic anhydrase.

Figure 7. Natural log-transformed isotope ratios (R= 13C/12C) and concentrations of
dissolved inorganic carbon (DIC) during carbon fixation by form IC RubisCO from R.
sphaeroides. Results from nine independent experiments are shown, each depicted with a
different symbol along with a dotted line representing the Pitman average of the
experiments.
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Figure 8. Natural log-transformed isotope ratios (R= 13C/12C) and concentrations of
dissolved inorganic carbon (DIC) during carbon fixation by form IC RubisCO from R.
eutropha. Results from five independent experiments are shown, each depicted with a
different symbol along with a dotted line representing the Pitman average of the
experiments.
Discussion
While both ε values fall within the range of other measured RubisCO ε values
(Table 1), they still are significantly different from previously measured values. R.
sphaeroides RubisCO has an ε value similar to form II RubisCO from Rhodospirillum
rubrum and form IB RubisCO from Anacystis nidulans. R. eutropha RubisCOs ε value is
closer to form ID RubisCO from Skeletonema costatum and form II RubisCO from the
tubeworm symbiont. Even though the amino acid sequences of R. sphaeroides and R.
eutropha are 85% similar, the ε values were 3.9‰ apart, and larger than those measured
for form ID enzymes, with which they share approximately 73% sequence identity.
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The δ13C value of R. sphaeroides or R. eutropha biomass, when it fixes carbon
with form IC RubisCO, can be predicted from the RubisCO ε value. Organisms that fix
carbon with IC enzymes, should they all fractionate similarly to the R. sphaeroides and R.
eutropha enzymes, are likely to have biomass δ13C values similar to other CBB
autotrophs whose RubisCO ε values have been determined. When an organisms’ wholecell isotopic discrimination (δ13CCO2 - δ13Cbiomass) is plotted against its RubisCO ε value,
it is apparent that organisms fixing carbon via RubisCOs with larger ε values fractionate
carbon to a greater extent (Table 2, Figure 9). Since the R. sphaeroides RubisCO has an
ε value similar to the enzyme from R. rubrum, it is likely that whole-cell discrimination
by R. sphaeroides is comparable to that observed in R. rubrum when grown
autotrophically. Indeed, biomass δ13C values for R. sphaeroides and R. eutropha can be
predicted from the R. rubrum, R. eutropha, and R. sphaeroides ε values, as well as R.
rubrum whole-cell isotope discrimination:
εR rubrum = 22‰
εR sphaeroides = 22.9‰
εR eutropha = 19.0‰
For R. rubrum, δ13CCO2 - δ13Cbiomass = 12.3‰
Since εR sphaeroides - εR rubrum = 0.9‰,
For R. sphaeroides, predicted εbiomass = δ13CCO2 - δ13Cbiomass ≈12.3 + 0.9
= 13.2‰
Since εR sphaeroides - εR eutrophia = 3.0‰,
For R. eutropha, predicted εbiomass = δ13CCO2 - δ13Cbiomass ≈12.3 + 3.0
= 15.3‰
If δ13CCO2 ≈ -8‰, then
δ13CR.sphaeroides ≈ -8‰ - 13.2‰ = -21.2‰
δ13CR. eutrophia ≈ -8‰ - 15.3‰ = -23.3‰
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Table 2. δ13CCO2 and δ13Cbiomass values from autotrophic organisms whose RubisCO ε
values have been determined
δ13CCO2 (‰)

δ13Cbiomass (‰)

Reference

Riftia pachyptila symbiont -6.6 to -7.8

-9 to -16

(Scott, 2003)

Solemya velum symbiont

-14 to -18

-30 to -35

(Scott et al., 2004a)

C3 plants (Spinach)

-8

-22 to -30

(Hayes 2001)

Rhodospirillum rubrum

-14.4 to -15.1 -27.4 to -28.1

Species

(Roeske and O'Leary,
1985)

-9 to -14

-9 to -26

(Benthien et al., 2007)

Skeletonema costatum

-10.7

-17.6 to -24.5

(Burkhardt et al., 1999)

Skeletonema costatum

Emiliania huxleyi

10
5
0

?

Ralstonia eutropha

-5

Riftia pachypitila

δ13CCO2 - δ13Cbiomass (‰)

15

Solemya velum

20

?
?

C3 plants
(Spinach RubisCO)

25

Rhodospirillum rubrum

Emiliania huxleyi

Rhodobacter sphaeroides

-10
5
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15

20
ε value (‰)

25
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35

Figure 9. Whole-organism isotopic discrimination (δ13CCO2 - δ13Cbiomass) versus
enzymatic isotopic discrimination (RubisCO ε values). The predicted εbiomass value for R.
sphaeroides and R. eutropha assumes whole-cell fractionation similar to R. rubrum (see
Discussion for details), and the predicted range (whiskers on graph) assumes changes in
whole-organism isotopic discrimination similar to what has been observed in other
organisms in response to changes in CO2 supply and/or demand.
A biomass δ13C values between -23.3 to -21.2‰ would place R. sphaeroides, R.
eutropha and other form IC autotrophs within the range of δ13C values observed for other
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CBB autotrophs. Additionally, their δ13C values should be more negative than what is
expected for organisms using the rTCA or 3-hydroxypropionate cycles for carbon
fixation (Hayes, 2001); Figure 10), allowing them to be distinguished by their biomass
δ13C value from organisms using these alternative carbon fixation pathways.
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Biomass δ13C (‰)
-30
-20

-10
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CO2
3-HPP
rTCA
Acetyl-CoA
C3-CBB
Rhodobacter spaeroides
Ralstonia eutropha
Figure 10. Biomass δ13C values from organisms using alternative autotrophic pathways.
δ13C values of atmospheric CO2 and biomass from autotrophic organisms using the 3hydroxyproprionate pathway (3-HPP), the reverse citric acid cycle (rTCA), the acetylCoA pathway, and the C3-Calvin Benson Bassham cycle (C3-CBB).

Autotrophic microorganisms contribute to CO2 assimilation in aquatic systems,
but form IC RubisCO from soil microbes could account for up to 4% of the total CO2
fixed by terrestrial ecosystems each year (Yuan et al., 2012). R. eutropha is a major
autotrophic member in paddy soils and due to its ability to produce
polyhydroxyalkanoates a highly stable form of carbon, it is especially important to
retention and sequestration of atmospheric CO2 (Yuan et al., 2012). Because of the
presence of facultative autotrophic bacteria in paddy soils as well as increased RubisCO
activity, compared to other soils, flooded terrestrial soil systems, like paddy soils, should
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be investigated as a land use option for maximizing the drawdown of atmospheric CO2.
To confirm the role soil microbes with form IC RubisCO play in the global carbon cycle,
more detailed isotopic studies need to be preformed; however, with the base line for
isotopic discrimination, the actual impact will be easier to elucidate in future studies.
Future work with Form IC RubisCO will involve sampling the full phylogenetic
breadth of Form IC RubisCOs to determine whether all Form ICs have ε values that fall
within the range observed for other RubisCOs. ε values for IC RubisCOs from other soil
microorganisms such as Nitrosospira sp., Bradyrhizobium japonicum, Mycobacterium sp.
and Rhodopseudomonas sp., would be of particular interest as majority of cloned rcbL
sequences extracted from soil samples clustered with Bradyrhizobium and
Rhodopseudomonas sequences (Yuan et al., 2012) . In order to sample the full
phylogenetic spectrum of the IC RubisCO group, ε values could be measured for
RubisCOs from, Burkholderia sp.as the enzyme is present in IC clades distinct from the
clades containing R. sphaeroides and R. eutrophia RubisCO and Bradyrhizobium sp. and
Rhodopseudomonas sp.(Figure 5). It would also be of great interest to measure the ε
value of RubisCO from the firmicute, Sulfobacillus acidophilus because it is an outlier
from the Form IC and ID clades (Figure 5). Elucidating the degree of isotopic
discrimination by form IC enzymes, broadly sampled, would make it possible to use
stable carbon isotope analyses to learn more about the role form IC RubisCOs play in the
environment and the global carbon cycle.
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Chapter Five: Conclusion
Isotopically less selective RubisCO and δ13C values
Isotopically less selective RubisCO enzymes not only affect biomass δ13C values
but also estimations of carbon fixation rates based on biomass δ13C values. When
organisms have a high growth rate and carbon fixation rate, where the majority of CO2
molecules that enter the cell are fixed, the isotopic fractionation of RubisCO will have
little to no effect on the biomass δ13C values. Because RubisCO fractionation has little
effect on the δ13C biomass values when cells are growing quickly, the biomass values
will be enriched in 13C. Conversely, the maximum enzymatic isotope effect is expressed
when the internal concentrations of CO2 are high and the rate of fixation is limited only
by the enzymatic reaction or the organism has a low carbon fixation rate. In these
conditions, organisms, which have isotopically less selective RubisCO enzymes (low ε
values), will have 13C enriched biomass values, while organisms, which have RubisCO
enzymes with high ε values with have 13C depleted biomass values (figure 11). When
growing slowly or with a low carbon fixation rate, the predicted δ13C value of E. huxleyi
biomass based mainly on the fractionation of RubisCO will be ~ 19‰ and S. costatum
will be ~ 26‰. If the organism’s RubisCO was assumed to have an ε value of 25‰, one
would predict a biomass δ13C value of approximately 33‰. More 13C-enriched δ13C
values would be incorrectly attributed to a rapid growth rate, and not to an enzyme with a
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smaller ε value. The base RubisCO enzyme ε value is necessary to correctly estimate
carbon fixation rates or growth because RubisCO ε values have an 18‰ range.

Biomass δ13C (‰)
-50

-40

-30

-20

-10

0

Figure 11: Predicted biomass δ13C values based on ε values. The range of marine
phytoplankton δ13C values (solid black line) and possible δ13C values based on different
RubisCO enzyme isotope fractionation values (purple lines) are shown.

RubisCO phylogeny vs. isotopic discrimination
Given the divergent forms of RubisCO, it follows that RubisCO enzymes
discriminate against 13CO2 to different degrees with ε values spanning 18‰. The ε values
of the form ID and IC RubisCO enzymes are significantly different from spinach
RubisCO, which is widely considered the ‘typical’ RubisCO enzyme but is actually an
outlier at this point (ε =29‰). What is surprising is that isotope discrimination does not
appear to follow enzyme phylogeny. Within the form ID clade, the two enzymes sampled
are 80% similar in amino acid sequence, but this sequence similarity is not reflected by
kinetic similarity (ε=11.1‰ and 18.5‰, E. huxleyi and S. costatum, respectively). The IC
enzymes studied thus far are more uniform, with 85% sequence similarity and ε values
that only have a difference of 3.9‰ (ε=19.0‰; 22.9‰). However, this level of isotopic
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discrimination is not unique to this clade as form IB enzyme from the cyanobacteria
Synechococcus elongates PCC6301 (22‰) and form II (19.5‰ and 23‰), with which
they share only 60% and 31% sequence similarity, respectively.
While ε values are not consistent with phylogenies for the few enzymes for which
these values have been determined, a greater selection of ε values may reveal similarities
within clades. Subclades within forms IA, IB, IC and ID RubisCO may exhibit similar ε
values (figure 12). Despite the large discrepancy between the ε values of the measured
coccolithophore and diatom RubisCOs, less variance may be exhibited within subclades;
for example, other coccolithophore RubisCOs such as Helicosphaera carteri and
Platychrysis spp. may also have ε values similar to that measured for E. huxleyi. Given
that dinoflagellate (Galeidinium rugatum) cbbL genes sometimes cluster with diatom
cbbL genes and rhodophyte cbbL genes (Bostrychia moritziana and Porphyra
rosengurttii) do not cluster either with coccolithophore or diatom RubisCO genes, it
would be of interest to determine where their ε values fall. Form IB RubisCO cbbL genes
of the Spinacia oleracea and Synechococcus elongatus PCC7942 are in separate clades
within the form IB RubisCO overall clade; therefore, it is possible that form IB
RubisCOs from higher plants would have isotopic discrimination similar to spinach
RubisCO and cyanobacterial form IB RubsiCOs would have ε values similar to S.
elongatus RubisCO. Form IA RubisCO cbbL genes of the Solemya velum gill symbiont
and Prochlorcoccus marinus are also in separate clades within the form IA RubisCO
clade, but have very similar ε values, which may indicate that most form IA RubisCOs
discriminate to a uniform degree. Form IC RubisCO cbbL genes form several smaller
clades, including one clade with R. sphaeroides and R. eutropha. The single clade with
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Helicosphaera carteri
Isochrysis galbana
Emiliania huxleyi - 11.1‰
Chrysochromulina parva
Platychrysis sp. TKB8934
Pleurochrysis haptonemofera
Porphyra rosengurttii
Porphyridium aerugineum
Form ID
Phaeodactylum tricornutum
Peridinium quinquecorne
Skeletonema costatum - 18.6‰
Thalassiosira pseudonana
Cylindrotheca sp.
Galeidinium rugatum
Bostrychia moritziana
Nitrosospira sp.
Burkholderia sp.
Xanthobacter autotrophicus Py2
Form IC
Ralstonia eutropha H16 - 19.0‰
Rhodobacter sphaeroides - 22.9‰
Bradyrhizobium japonicum
Rhodopseudomonas palustris CGA009
Sulfobacillus acidophilus
Form IC/ID
Solemya velum gill symbiont - 24.5‰
Thiobacillus denitrificans
Nitrosomonas eutropha
Form IA
Synechococcus sp. CC9902
Prochlorococcus marinus str. NATL2A
Prochlorococcus marinus str. MIT 9313 - 24‰
Synechococcus elongatus PCC 7942 - 22.0‰
Synechococcus sp. PCC 7002
Nostoc sp. PCC 7120
Form IB
Chlamydomonas reinhardtii
Nicotiana tabacum
Spinacia oleracea - 29‰
Riftia pachyptila Endosymbiont - 19.5‰
Tevnia jerichonana Endosymbiont
Rhodospirillum rubrum ATCC 11170 - 23‰
Form II
Rhodobacter sphaeroides ATCC 17029
Rhodopseudomonas palustris - II
0.2

Figure 12: Phylogenetic analysis of selected RubisCO large subunit genes (cbbL).
Amino acid sequences were aligned using MUSCLE and a maximum likelihood tree was
created (MEGA 4 software; Tamura et al., 2007). Form II RubisCO genes were used to
form the outgroup of the tree. The RubisCOs with measured ε values are included.
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RubisCO enzymes that have ε values differing by 3.9‰ may indicate significant
heterogeneity of ε values within form IC RubisCO. ε values of RubisCO proteins are not
correlated with overall RubisCO phylogeny, but with further experiments may be found
to exhibit less heterogeneity within specific clades.
Currently neither RubisCO phylogeny nor primary, secondary, tertiary, or
quaternary structure can be used to predict isotopic discrimination, so ε values must be
measured. While having an ε value example from each of the form I RubisCO enzymes
helps establish a baseline that can be currently used to improve models, ε values of
RubisCO enzymes from a more diverse set of organisms would be useful for more
accurate modeling and may help determine the connection between isotopic
discrimination and enzyme structure. Due to their large contribution to the global carbon
cycle, ε values from more form ID RubisCO enzymes from more bloom forming
coccolithophores and diatoms as well as dinoflagellates and rhodophytes would be
especially useful to determine if all from ID RubisCOs are isotopically less selective and
if there is less ε values heterogeneity within clades. Not only would a full phylogenetic
spectrum of the form IC RubisCO group, including RubisCOs from Burkholderia sp.,
Nitrosospira sp. and Sulfobacillus acidophilus (figure 12), be informative, but
specifically ε values from a greater selection of soil microorganisms (Bradyrhizobium sp.
and Rhodopseudomonas sp.) would be of particular interest when determining the extent
soil microbes contribute to the missing terrestrial carbon sink (Post and Kwon 2000;
Karim 2008). Collecting isotopic fractionation data from RubisCO enzymes of a diverse
set of organisms will allow for more inclusive carbon models that will generate better
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estimations of global carbon fixation and possibly estimate the actual impact of carbon
draw down from specific taxa or species from oceanic and terrestrial ecosystems.
Isotopic discrimination of alternative carbon fixation pathways
The scatter in isotope discrimination by different forms of RubisCO warrants
revisitation of the assumptions inherent in predicting autotrophic carbon fixation
pathways from δ13C values. Thus far, four pathways are known for autotrophic carbon
fixation and each pathway has different effects on the δ13C of the organism’s biomass.
The CBB cycle dominates in most oxic ecosystems; however, the rTCA cycle, found in a
variety of autotrophic bacteria and archaea (Hugler et, al 2005), the acetyl-CoA pathway,
found in methanogenic archaea, autotrophic sulfate-reducing bacteria, and acetogenic
bacteria (Fuchs, 1989), and the 3-hydroxypropionate cycle (3-HPP), found in the green
nonsulfur bacterium, Chloroflexus aurantiacus and autotrophic Crenarchaeota (Hugler et
al., 2002), are alternative carbon fixation pathways found in microbial dominated
ecosystems (Table 3).
When sufficient biomass is not available for biochemical or genetic analysis,
studying biomass δ13C values, particularly useful for fossil biomass, provides some
indication of the autotrophic carbon fixation pathway responsible for initial carbon
fixation. The δ13C of a CBB organism’s biomass generally is -18 to 30‰ due to
substantial fractionation by RubisCO during carbon fixation (Hayes 2001). However, C4
plants, which use the CBB pathway, have δ13C values of -8‰ to -20‰ due to the initial
fixation of carbon into C4 compounds by phosphoenolpyruvate carboxylase (PEPc;
Hayes 2001). PEPc has an ε value of 2‰ which accounts for the 13C-enriched δ13C value
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Table 3. The distribution of autotrophic pathways among the domains of life. *Only
divisions with autotrophic members are listed. †It has not been determined whether
Treponema primitia is an autotroph. Abbreviations: Calvin-Benson-Bassham cycle =
CBB, reductive citric acid cycle = rTCA, acetyl-CoA pathway = Ac-CoA, and 3hydroxypropionate cycle = 3-HPP.
Domain
Bacteria

Archaea

Divison*
Proteobacteria
Cyanobacteria
(Eukarya - Plants)
Chloroflexi
Chlorobi
Aquificae
Firmicutes
Planctomycetes
Spirochaetes
Crenarchaeota
Euryarchaeota

Pathways
CBB, rTCA
CBB
3-HPP
rTCA
rTCA
CBB, Ac-CoA
Ac-CoA
Ac-CoA†
rTCA, 3-HPP
Ac-CoA, CBB?

seen in C4 plants (Hayes 2001). Organisms which use either the 3-HPP or rTCA cycles
for carbon fixation have more enriched biomass values than most CBB organisms since
the calculated overall enzymatic isotope fractionation of 13C vs. CO2 are 4 to 13‰ for the
rTCA cycle and little to no isotopic discrimination effect for the 3-HPP cycle (Hayes
2001). However, organisms using the acetyl-CoA pathway for carbon fixation generally
have depleted δ13C biomass values and have a calculated overall enzymatic isotope
fractionation of 13C vs. CO2 of 15 to 36‰ (Hayes 2001). Even though RubisCO ε values
can be very small (11.1‰), they are still higher than most carboxylases and the range of
δ13C biomass values are more negative than what is expected for organisms using
alternative carbon fixation pathways such as the rTCA or 3-hydroxypropionate cycles.
With the baseline ε value of RubisCO, not only can the presence of CBB autotrophs can
be distinguished from organisms using alternative carbon fixation pathways, but the
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contribution to primary and secondary productivity of the CBB cycle in microbial food
webs can be more accurately determined by measuring the δ13C value of biomass.

70

References
Anderson, T. R., D. O. Hessen, J. J. Elser, and J. Urabe. 2005. Metabolic stoichiometry
and the fate of excess carbon and nutrients in consumers. American Naturalist
165: 1-15.
Andersson, I., and A. Backlund. 2008. Structure and function of Rubisco. Plant
Physiology and Biochemistry 46: 275-291.
Andrews, T. J., and S. M. Whitney. 2003. Manipulating ribulose bisphosphate
carboxylase/oxygenase in the chloroplasts of higher plants. Archives of
Biochemistry and Biophysics 414: 159-169.
Armbrust, E. V. 2009. The life of diatoms in the world's oceans. Nature 459: 185-192.
Arnold, A., and Z. Nikoloski. 2010. A quantitative comparison of Calvin-Benson cycle
models. Trends in Plant Science 16: 676-683.
Babin, S. M., J. A. Carton, T. D. Dickey, and J. D. Wiggert. 2004. Satellite evidence of
hurricane-induced phytoplankton blooms in an oceanic desert. J. Geophys. Res.Oceans 109: 21.
Bach, L. T., U. Riebesell, and K. G. Schulz. 2011. Distinguishing between the effects of
ocean acidification and ocean carbonation in the coccolithophore Emiliania
huxleyi. Limnol. Oceanogr. 56: 2040-2050.
Balch, W., D. Drapeau, B. Bowler, and E. Booth. 2007. Prediction of pelagic
calcification rates using satellite measurements. Deep-Sea Res. Part II-Top. Stud.
Oceanogr. 54: 478-495.
Balch, W. M., K. Kilpatrick, P. M. Holligan, and T. Cucci. 1993. Coccolith Production
and Detachment by Emiliania huxleyi (Primneisophyceae). J. Phycol. 29: 566575.
Barnes, C., S. Jennings, and J. T. Barry. 2009. Environmental correlates of large-scale
spatial variation in the delta C-13 of marine animals. Estuarine Coastal and Shelf
Science 81: 368-374.
Bassham, J. A. 1971. Photosynthetic Carbon Metabolism. Proceedings of the National
Academy of Sciences of the United States of America 68: 2877-&.

71

Beardall, J., and J. A. Raven. 2004. The potential effects of global climate change on
microalgal photosynthesis, growth and ecology. Phycologia 43: 26-40.
Beardall, J., C. Sobrino, and S. Stojkovic. 2009. Interactions between the impacts of
ultraviolet radiation, elevated CO2, and nutrient limitation on marine primary
producers. Photochemical & Photobiological Sciences 8: 1257-1265.
Beaufort, L. and others 2011. Sensitivity of coccolithophores to carbonate chemistry and
ocean acidification. Nature 476: 80-83.
Behrenfeld, M. J. and others 2006. Climate-driven trends in contemporary ocean
productivity. Nature 444: 752-755.
Benthien, A., I. Zondervan, A. Engel, J. Hefter, A. Terbruggen, and U. Riebesell. 2007.
Carbon isotopic fractionation during a mesocosm bloom experiment dominated
by Emiliania huxleyi: Effects of CO2 concentration and primary production.
Geochimica et Cosmochimica Acta 71: 1528-1541.
Berelson, W. M., W. M. Balch, R. Najjar, R. A. Feely, C. Sabine, and K. Lee. 2007.
Relating estimates of CaCO3 production, export, and dissolution in the water
column to measurements of CaCO3 rain into sediment traps and dissolution on
the sea floor: A revised global carbonate budget. Glob. Biogeochem. Cycle 21:
15.
Berger, S. A. and others 2007. Water temperature and mixing depth affect timing and
magnitude of events during spring succession of the plankton. Oecologia 150:
643-654.
Bidigare, R. R. and others 1997. Consistent fractionation of 13C in nature and the
laboratory: Growth rate effects in some haptophyte algae. Glob. Biogeochem.
Cycle 11: 279-292.
Blagodatskaya, E., S. Blagodatsky, M. Dorodnikov, and Y. Kuzyakov. 2010. Elevated
atmospheric CO2 increases microbial growth rates in soil: results of three CO2
enrichment experiments. Glob. Change Biol. 16: 836-848.
Boller, A. J., P. J. Thomas, C. M. Cavanaugh, and K. M. Scott. 2011. Low stable carbon
isotope fractionation by coccolithophore RubisCO. Geochimica et Cosmochimica
Acta 75: 7200–7207.
Borkman, D. G., and T. J. Smayda. 2009. Gulf Stream position and winter NAO as
drivers of long-term variations in the bloom phenology of the diatom
Skeletonema costatum "species-complex" in Narragansett Bay, RI, USA. J.
Plankton Res. 31: 1407-1425.
Bowien, B., and B. Kusian. 2002. Genetics and control of CO2 assimilation in the
chemoautotroph Ralstonia eutropha. Archives of Microbiology 178: 85-93.
72

Bowler, C., A. Vardi, and A. E. Allen. 2010. Oceanographic and Biogeochemical
Insights from Diatom Genomes, p. 333-365. Annual Review of Marine Science.
Annual Review of Marine Science. Annual Reviews.
Brown, C. W., and J. A. Yoder. 1994. Coccolithophorid blooms in the global ocean.
Journal of Geophysical Research 99C: 7467-7482.
Brutemark, A., E. Lindehoff, E. Granéli, and W. Granéli. 2009. Carbon isotope signature
variability among cultured microalgae: Influence of species, nutrients and growth.
J. Exp. Mar. Biol. Ecol. 372: 98-105.
Brzezinski, M. A., T. A. Villareal, and F. Lipschultz. 1998. Silica production and the
contribution of diatoms to new and primary production in the central North
Pacific. Mar. Ecol.-Prog. Ser. 167: 89-104.
Buitenhuis, E., J. Vanbleijswijk, D. Bakker, and M. Veldhuis. 1996. Trends in inorganic
and organic carbon in a bloom of Emiliania huxleyi in the North Sea. Mar. Ecol.Prog. Ser. 143: 271-282.
Buitenhuis, E. T., P. Van Der Wal, and H. J. W. De Baar. 2001. Blooms of Emiliania
huxleyi are sinks of atmospheric carbon dioxide: A field and mesocosm study
derived simulation. Glob. Biogeochem. Cycle 15: 577-587.
Burkhardt, S., U. Riebesell, and I. Zondervan. 1999. Effects of growth rate, CO2
concentration, and cell size on the stable carbon isotope fractionation in marine
phytoplankton. Geochimica et Cosmochimica Acta 63: 3729-3741.
Burkill, P. H. and others 2002. Dimethyl sulphide biogeochemistry within a
coccolithophore bloom (DISCO): an overview. Deep-Sea Res. Part II-Top. Stud.
Oceanogr. 49: 2863-2885.
Caldeira, K., and M. E. Wickett. 2003. Anthropogenic carbon and ocean pH. Nature 425:
365-365.
Caldwell, P. E., M. R. Maclean, and P. R. Norris. 2007. Ribulose bisphosphate
carboxylase activity and a Calvin cycle gene cluster in Sulfobacillus species.
Microbiology-Sgm 153: 2231-2240.
Canadell, J. G. 2002. Land use effects on terrestrial carbon sources and sinks. Sci. China
Ser. C-Life Sci. 45: 1-9.
Caspi, R., M. G. Haygood, and B. M. Tebo. 1996. Unusual ribulose 1,5-bisphosphate
carboxylase/oxygenase genes from a marine manganese oxidizing bacterium.
Microbiology 142: 2549-2559.
Chanprateep, S. 2010. Current trends in biodegradable polyhydroxyalkanoates. Journal of
Bioscience and Bioengineering 110: 621-632.
73

Chen, F. and others 2004. Phylogenetic diversity of Synechococcus in the Chesapeake
Bay revealed by ribulose-1,5-bisphosphate carboxylase-oxygenase (RuBisCO)
large subunit gene (rbcL) sequences. Aquatic Microbial Ecology 36: 153-164.
Chisholm, S. W. 1992. Phytoplankton size. In P. G. Falkowski and A. D. Woodhead
[eds.], Primary productivity and biogeochemical cycles in the sea. Plenum Press.
Craig, H. 1957. Isotopic Standards for carbon and oxygen and correction factors for
mass-spectrometric analysis of carbon dioxide. Geochimica Et Cosmochimica
Acta 12: 133-149.
Cramm, R. 2009. Genomic View of Energy Metabolism in Ralstonia eutropha H16.
Journal of Molecular Microbiology and Biotechnology 16: 38-52.
Cullen, J. T., T. W. Lane, F. M. M. Morel, and R. M. Sherrell. 1999. Modulation of
cadmium uptake in phytoplankton by seawater CO2 concentration. Nature 402:
165-167.
Curran, M. A. J., T. D. Van Ommen, V. I. Morgan, K. L. Phillips, and A. S. Palmer.
2003. Ice core evidence for Antarctic sea ice decline since the 1950s. Science
302: 1203-1206.
Dason, J. S., I. E. Huertas, and B. Colman. 2004. Source of inorganic carbon for
photosynthesis in two marine dinoflagellates. J. Phycol. 40: 285-292.
Daugbjerg, N., Andersen, R.A. 1997. A molecular phylogeny of the heterokont algae
based on analyses of chloroplast-encoded rbcL sequence data. J. Phycol. 33:
1031-1041.
De Graaff, M. A., K. J. Van Groenigen, J. Six, B. Hungate, and C. Van Kessel. 2006.
Interactions between plant growth and soil nutrient cycling under elevated CO2: a
meta-analysis. Glob. Change Biol. 12: 2077-2091.
De Vargas, C., M.-P. Aubry, I. Probert, J. Young, G. F. Paul, and H. K. Andrew. 2007.
Chapter 12 - Origin and Evolution of Coccolithophores: From Coastal Hunters to
Oceanic Farmers, p. 251-XI. Evolution of Primary Producers in the Sea.
Academic Press.
Dehairs, F. and others 1997. partial derivative C-13 of Southern Ocean suspended
organic matter during spring and early summer: Regional and temporal
variability. Deep-Sea Res. Part II-Top. Stud. Oceanogr. 44: 129-142.
Deines, P. 1980. The isotopic composition of reduced organic carbon., p. 329-406. In P.
Fritz, and Fontes, J.C. [ed.], Handbook of Environmental Isotope Geochemistry
(Vol. 1): The Terrestrial Environment. Elsevier.

74

Delwiche, C. F., J.D. Palmer. 1996. Rampant horizontal transfer and duplication of
rubisco genes in eubacteria and plastids. Mol. Biol. 13: 873-882.
Delwiche, C. F., and J. D. Palmer. 1996. Rampant horizontal transfer and duplication of
RubisCO genes in eubacteria and plastids. Molecular Biology and Evolution 13:
873-882.
Descolas-Gros, C., and M. Fontugne. 1990. Stable Carbon Isotope Fractionation by
Marine- phytoplankton during photosynthesis. Plant Cell and Environment 13:
207-218.
Descolas-Gros, C., and L. Oriol. 1992. Variations in carboxylase activity in marine
phytoplankton cultures. b-carboxylation in carbon flux studies. Marine Ecology
Progress Series 85: 163-169.
Desmarais, D. J., Y. Cohen, H. Nguyen, M. Cheatham, T. Cheatham, and E. Munoz.
1989. Carbon isotopic trends in the hypersaline ponds and microbial mats at
Guerrero Negro, Baja California Sur, Mexico: Implications for Precambrian
stromatolites, p. 191-203. In Y. Cohen [ed.], Microbial mats: physiological
ecology of benthic microbial communities. American Society for Microbiology.
Dobrinski, K. P., D. L. Longo, and K. M. Scott. 2005. A hydrothermal vent
chemolithoautotroph with a carbon concentrating mechanism. J Bacteriol 187:
5761-5766.
Doney, S. C., V. J. Fabry, R. A. Feely, and J. A. Kleypas. 2009. Ocean Acidification: The
Other CO(2) Problem, p. 169-192. Annual Review of Marine Science. Annual
Review of Marine Science. Annual Reviews.
Dore, J. E., R. M. Letelier, M. J. Church, R. Lukas, and D. M. Karl. 2008. Summer
phytoplankton blooms in the oligotrophic North Pacific Subtropical Gyre:
Historical perspective and recent observations. Progress in Oceanography 76: 238.
Drake, B. G., M. A. Gonzalezmeler, and S. P. Long. 1997. More efficient plants: A
consequence of rising atmospheric CO2? Annual Review of Plant Physiology and
Plant Molecular Biology 48: 609-639.
Dubbs, J. M., and F. R. Tabita. 2004. Regulators of nonsulfur purple phototrophic
bacteria and the interactive control of CO2 assimilation, nitrogen fixation,
hydrogen metabolism and energy generation. Fems Microbiology Reviews 28:
353-376.
Dugdale, R. C., and F. P. Wilkerson. 1998. Silicate regulation of new production in the
equatorial Pacific upwelling. Nature 391: 270-273.

75

Edwards, K. F., C. A. Klausmeier, and E. Litchman. 2011. Evidence for a three-way
trade-off between nitrogen and phosphorus competitive abilities and cell size in
phytoplankton. Ecology 92: 2085-2095.
Egge, J. K., and D. L. Aksnes. 1992. Silicate as regulating nutrient in phytoplankton
competition. Mar. Ecol.-Prog. Ser. 83: 281-289.
Egge, J. K., and A. Jacobsen. 1997. Influence of silicate on particulate carbon production
in phytoplankton. Mar. Ecol.-Prog. Ser. 147: 219-230.
Eglinton, T. L., and D. J. Repeta. 2004. Marine organic geochemistry, p. 145-180. In H.
Elderfield [ed.], Treatise on geochemistry. Elsevier.
Eilertsen, H. C., and M. Degerlund. 2010. Phytoplankton and light during the northern
high-latitude winter. J. Plankton Res. 32: 899-912.
Eisenthal, R., and A. Cornish-Bowden. 1974. The direct linear plot. Biochemistry Journal
139: 715-720.
Elser, J. J. and others 2007. Global analysis of nitrogen and phosphorus limitation of
primary producers in freshwater, marine and terrestrial ecosystems. Ecol. Lett. 10:
1135-1142.
Emanuel, K. 2005. Increasing destructiveness of tropical cyclones over the past 30 years.
Nature 436: 686-688.
Engel, A., K. G. Schulz, U. Riebesell, R. Bellerby, B. Delille, and M. Schartau. 2008.
Effects of CO2 on particle size distribution and phytoplankton abundance during a
mesocosm bloom experiment (PeECE II). Biogeosciences 5: 509-521.
Engel, A. and others 2005. Testing the direct effect of CO2 concentration on a bloom of
the coccolithophorid Emiliania huxleyi in mesocosm experiments. Limnol.
Oceanogr. 50: 493-507.
Eppley, R. W., and B. J. Peterson. 1979. Particulate organic-matter flux and planktonic
new production in the deep ocean. Nature 282: 677-680.
Fabry, V. J. 1990. Shell growth-rates of pteropod and heteropod mollusks and aragonite
production in the open ocean - implications for the marine carbonate system. J.
Mar. Res. 48: 209-222.
Falkowski, P. and others 2000. The global carbon cycle: A test of our knowledge of earth
as a system. Science 290: 291-296.
Falkowski, P. G. 1991. Species variability in the fractionation of c-13 and c-12 by
marine-phytoplankton. J. Plankton Res. 13: S21-S28.
76

Falkowski, P. G. and others 2004. The evolution of modern eukaryotic phytoplankton.
Science 305: 354-360.
Falkowski, P. G., and J. A. Raven. 2007. Aquatic Photosynthesis in Biogeochemical
Cycles. Aquatic Photosynthesis. Princeton University Press.
Fan, S. and others 1998. A large terrestrial carbon sink in North America implied by
atmospheric and oceanic carbon dioxide data and models. Science 282: 442-446.
Feil, W. S., and H. Feil. 2004. Bacterial genomic DNA isolation using CTAB DOE Joint
Genome Institute (JGI)
Feng, Y. and others 2008. Interactive effects of increased pCO(2), temperature and
irradiance on the marine coccolithophore Emiliania huxleyi (Prymnesiophyceae).
Eur. J. Phycol. 43: 87-98.
Field, C. B., M. J. Behrenfeld, J. T. Randerson, and P. Falkowski. 1998. Primary
production of the biosphere: Integrating terrestrial and oceanic components.
Science 281: 237-240.
Finkel, Z. V., J. Beardall, K. J. Flynn, A. Quigg, T. A. V. Rees, and J. A. Raven. 2010.
Phytoplankton in a changing world: cell size and elemental stoichiometry. J.
Plankton Res. 32: 119-137.
Finkel, Z. V., M. E. Katz, J. D. Wright, O. M. E. Schofield, and P. G. Falkowski. 2005.
Climatically driven macroevolutionary patterns in the size of marine diatoms over
the cenozoic. Proceedings of the National Academy of Sciences of the United
States of America 102: 8927-8932.
Finkel, Z. V. and others 2007. A universal driver of macroevolutionary change in the size
of marine phytoplankton over the Cenozoic. Proceedings of the National
Academy of Sciences of the United States of America 104: 20416-20420.
Finn, M. W., and F. R. Tabita. 2004. Modified pathway to synthesize ribulose 1,5bisphosphate in methanogenic archaea. J Bacteriol 186: 6360-6366.
Follows, M. J., S. Dutkiewicz, S. Grant, and S. W. Chisholm. 2007. Emergent
biogeography of microbial communities in a model ocean. Science 315: 18431846.
Freeman, K. H. 2001. Isotopic Biogeochemistry of Marine Organic Carbon, p. 579-605.
In J. W. Valley and D. R. Cole [eds.], Stable Isotope Geochemistry. The
Mineralogical Society of America.
Fritz, J. J., and W. M. Balch. 1996. A light-limited continuous culture study of Emiliania
huxleyi: Determination of coccolith detachment and its relevance to cell sinking.
J. Exp. Mar. Biol. Ecol. 207: 127-147.
77

Fry, B., and E. B. Sherr. 1989. δ13C measurements as indicators of carbon flow in marine
and freshwater ecosystems., p. 196-229. In J. R. E. P.W. Rundel, and K.A. Nagy.
[ed.], Stable isotopes in ecological research. Springer-Verlag.
Fry, B., and S. C. Wainright. 1991. Diatom sources of carbon-13 rich carbon in marine
food webs. Marine Ecology Progress Series 76: 149-157.
Fu, F. X., M. E. Warner, Y. H. Zhang, Y. Y. Feng, and D. A. Hutchins. 2007. Effects of
increased temperature and CO2 on photosynthesis, growth, and elemental ratios in
marine Synechococcus and Prochlorococcus (Cyanobacteria). J. Phycol. 43: 485496.
Fuchs, G. 1989. Alternative Pathways of Autotrophic CO2 Fixation., p. 365-382. In I. H.
G. S. a. B. B. e. A. Bacteria [ed.], Science & Technology Press.
Gervais, F., and U. Riebesell. 2001. Effect of phosphorus limitation on elemental
composition and stable carbon isotope fractionation in a marine diatom growing
under different CO2 concentrations. Limnol. Oceanogr. 46: 497-504.
Gibson, J. L., and F. R. Tabita. 1977a. Different molecular forms of D-ribulose 1,5bisphosphate carboxylase from Rhodopseudomonas sphaeroides. Journal of
Biological Chemistry 252: 943-949.
---. 1977b. Isolation and preliminary characterization of two forms of ribulose-1,5bisphosphate carboxylase from Rhodopseudomonas capsulata. J. Bacteriol. 132:
818-823.
Giordano, M., J. Beardall, and J. A. Raven. 2005. CO2 concentrating mechanisms in
algae: Mechanisms, environmental modulation, and evolution, p. 99-131. Annual
Review of Plant Biology. Annual Review of Plant Biology.
Goericke, R., J. P. Montoya, and B. Fry. 1994. Physiology of isotopic fractionation in
algae and cyanobacteria, p. 187-221. In K. Lajtha and R. H. Michener [eds.],
Stable Isotopes in Ecology and Environmental Science. Blackwell Scientific
Publications.
Goering, J., V. Alexander, and N. Haubenstock. 1990. Seasonal variability of stable
carbon and nitrogen isotope ratios of organisms in a north Pacific bay. Estuarine
Coastal and Shelf Science 30: 239-260.
Goldenberg, S. B., C. W. Landsea, A. M. Mestas-Nunez, and W. M. Gray. 2001. The
recent increase in Atlantic hurricane activity: Causes and implications. Science
293: 474-479.
Goldman, J. C. 1999. Inorganic carbon availability and the growth of large marine
diatoms. Mar. Ecol.-Prog. Ser. 180: 81-91.
78

Granum, E., J. A. Raven, and R. C. Leegood. 2005. How do marine diatoms fix 10 billion
tonnes of inorganic carbon per year? Can. J. Bot.-Rev. Can. Bot. 83: 898-908.
Graziano, L. M., W. M. Balch, D. Drapeau, B. C. Bowler, R. Vaillancourt, and S.
Dunford. 2000. Organic and inorganic carbon production in the Gulf of Maine.
Cont. Shelf Res. 20: 685-705.
Guillard, R. R., and J. H. Ryther. 1962. Studies of Marine Planktonic Diatoms .1.
Cyclotella Nana Hustedt, and Detonula Confervacea (Cleve) Gran. Canadian
Journal of Microbiology 8: 229-&.
Guy, R. D., M. L. Fogel, and J. A. Berry. 1993. Photosynthetic fractionation of the stable
isotopes of oxygen and carbon. Plant Physiol 101: 37-47.
Hales, B., T. Takahashi, and L. Bandstra. 2005. Atmospheric CO2 uptake by a coastal
upwelling system. Glob. Biogeochem. Cycle 19: 11.
Hamm, C. E. and others 2003. Architecture and material properties of diatom shells
provide effective mechanical protection. Nature 421: 841-843.
Hayashi, N. R. and others 1998. Different properties of gene products of three sets
ribulose 1,5-bisphosphate carboxylase/oxygenase from a marine obligately
autotrophic hydrogen-oxidizing bacterium, Hydrogenovibrio marinus strain MH110. Journal of Fermentation and Bioengineering 85: 150-155.
Hayes, J. M. 1993. Factors controlling 13C contents of sedimentary organic compounds:
Principles and evidence. Mar Geol 113: 111-125.
---. 2001. Fractionation of carbon and hydrogen isotopes in biosynthetic processes, p.
225-277. In J. W. Valley and D. R. Cole [eds.], Stable Isotope Geochemistry. The
Mineralogical Society of America.
Henderiks, J., and M. Pagani. 2008a. Coccolithophore cell size and the Paleogene decline
in atmospheric CO2. Earth and Planetary Science Letters 269: 575-583.
---. 2008b. Refining ancient carbon dioxide estimates: Significance of coccolithophore
cell size for alkenone-based pCO(2) records (vol 23, art no PA4215, 2008).
Paleoceanography 23.
Hessen, D. O., and T. R. Anderson. 2008. Excess carbon in aquatic organisms and
ecosystems: Physiological, ecological, and evolutionary implications. Limnol.
Oceanogr. 53: 1685-1696.
Hinga, K. R., M. A. Arthur, M. E. Q. Pilson, and D. Whitaker. 1994. Carbon isotope
fractionation by marine phytoplankton in culture: The effects of CO2
concentration, pH, temperature, and species. Glob. Biogeochem. Cycle 8: 91-102.
79

Hobson, K. A., M. C. Drever, and G. W. Kaiser. 1999. Norway rats as predators of
burrow-nesting seabirds: Insights from stable isotope analyses. Journal of Wildlife
Management 63: 14-25.
Hoegh-Guldberg, O. and others 2007. Coral reefs under rapid climate change and ocean
acidification. Science 318: 1737-1742.
Hood, R. R., X. Zhang, P. A. Glibert, M. R. Roman, and D. K. Stoecker. 2006. Modeling
the influence of nutrients, turbulence and grazing on Pfiesteria population
dynamics. Harmful Algae 5: 459-479.
Horken, K., and F. R. Tabita. 1999. Closely related form I ribulose bisphosphate
carboxylase/oxygenase molecules that possess different CO2/O2 substrate
specificities. Archives of Biochemistry and Biophysics 361: 183-194.
Houtz, R. L., R. Magnani, N. R. Nayak, and L. M. A. Dirk. 2008. Co- and posttranslational modifications in Rubisco: unanswered questions. Journal of
Experimental Botany 59: 1635-1645.
Hu, S., F. S. Chapin, M. K. Firestone, C. B. Field, and N. R. Chiariello. 2001. Nitrogen
limitation of microbial decomposition in a grassland under elevated CO2. Nature
409: 188-191.
Hu, S. J., M. K. Firestone, and F. S. Chapin. 1999. Soil microbial feedbacks to
atmospheric CO2 enrichment. Trends in Ecology & Evolution 14: 433-437.
Hu, S. J., C. Tu, X. Chen, and J. B. Gruver. 2006. Progressive N limitation of plant
response to elevated CO2: a microbiological perspective. Plant and Soil 289: 4758.
Hugler, M., C. Menendez, H. Schagger, and G. Fuchs. 2002. Malonyl-coenzyme A
reductase from Chloroflexus aurantiacus, a key enzyme of the 3hydroxypropionate cycle for autotrophic CO2 fixation. Journal of Bacteriology
184: 2404-+.
Hugler, M., C. O. Wirsen, G. Fuchs, C. D. Taylor, and S. M. Sievert. 2005. Evidence for
autotrophic CO2 fixation via the reductive tricarboxylic acid cycle by members of
the epsilon subdivision of proteobacteria. Journal of Bacteriology 187: 30203027.
Huisman, J., N. N. P. Thi, D. M. Karl, and B. Sommeijer. 2006. Reduced mixing
generates oscillations and chaos in the oceanic deep chlorophyll maximum.
Nature 439: 322-325.
Huisman, J., P. Van Oostveen, and F. J. Weissing. 1999. Critical depth and critical
turbulence: Two different mechanisms for the development of phytoplankton
blooms. Limnol. Oceanogr. 44: 1781-1787.
80

Hungate, B. A., E. A. Holland, R. B. Jackson, F. S. Chapin, H. A. Mooney, and C. B.
Field. 1997. The fate of carbon in grasslands under carbon dioxide enrichment.
Nature 388: 576-579.
Ibelings, B. W., and S. C. Maberly. 1998. Photoinhibition and the availability of
inorganic carbon restrict photosynthesis by surface blooms of cyanobacteria.
Limnol. Oceanogr. 43: 408-419.
Iglesias-Rodriguez, M. D. and others 2002. Representing key phytoplankton functional
groups in ocean carbon cycle models: Coccolithophorids. Glob. Biogeochem.
Cycle 16: 20.
---. 2008. Phytoplankton calcification in a high-CO2 world. Science 320: 336-340.
Irwin, A. J., and Z. V. Finkel. 2008. Mining a Sea of Data: Deducing the Environmental
Controls of Ocean Chlorophyll. Plos One 3.
Irwin, A. J., and M. J. Oliver. 2009. Are ocean deserts getting larger? Geophys. Res. Lett.
36: 5.
Jansen, H., R. E. Zeebe, and D. A. Wolf-Gladrow. 2002. Modeling the dissolution of
settling CaCO3 in the ocean. Glob. Biogeochem. Cycle 16: 16.
Jensen, R. G. 2004. Activation of Rubisco controls CO2 assimilation in light: a
perspective on its discovery. Photosynthesis Research 82: 187-193.
Jiao, N. and others 2010. Microbial production of recalcitrant dissolved organic matter:
long-term carbon storage in the global ocean. Nature Reviews Microbiology 8:
593-599.
Johnston, A. M. 1996. The effect of environmental variables on 13C discrimination by
two marine phytoplankton. Marine Ecology Progress Series 132: 257-263.
Johnston, A. M., and J. A. Raven. 1992. Effect of aeration rates on growth-rates and
natural abundance C-13/C-12 ratio of phaeodactylum-tricornutum. Mar. Ecol.Prog. Ser. 87: 295-300.
Jordan, D. B., and R. Chollet. 1983. Inhibition of ribulose bisphosphate carboxylase by
substrate ribulose 1,5-bisphosphate. Journal of Biological Chemistry 258: 37523758.
Jordan, D. B., and W. L. Ogren. 1981. Species variation in the specificity of ribulose
bisphosphate carboxylase/oxygenase. Nature 291: 513-515.
---. 1983. Species variation in kinetic properties on ribulose 1,5-bisphosphate
carboxylase/oxygenase. Arch Biochem Biophys 227: 425-433.
81

Kaplan, A., and L. Reinhold. 1999. CO2 concentrating mechanisms in photosynthetic
microorganisms. Annual Reviews of Plant Physiology & Plant Molecular Biology
50: 539-570.
Karim, A., J. Veizer, and J. Barth. 2008. Net ecosystem production in the great lakes
basin and its implications for the North American missing carbon sink: A
hydrologic and stable isotope approach. Global and Planetary Change 61: 15-27.
Karl, D., R. Letelier, L. Tupas, J. Dore, J. Christian, and D. Hebel. 1997. The role of
nitrogen fixation in biogeochemical cycling in the subtropical North Pacific
Ocean. Nature 388: 533-538.
Keeling, C. D., H. Brix, and N. Gruber. 2004. Seasonal and long-term dynamics of the
upper ocean carbon cycle at Station ALOHA near Hawaii. Glob. Biogeochem.
Cycle 18: 28.
Keller, M. D., W. K. Bellows, and R. R. L. Guillard. 1989. Dimethyl sulfide production
in marine-phytoplankton. Acs Symposium Series 393: 167-182.
Kevekordes, K. and others 2006. Inorganic carbon acquisition by eight species of
Caulerpa (Caulerpaceae, Chlorophyta). Phycologia 45: 442-449.
Key, R. M. and others 2004. A global ocean carbon climatology: Results from Global
Data Analysis Project (GLODAP). Glob. Biogeochem. Cycle 18: 23.
Khanna, S., and A. K. Srivastava. 2005. Recent advances in microbial
polyhydroxyalkanoates. Process Biochemistry 40: 607-619.
Korb, R. E., J. A. Raven, A. M. Johnston, and J. W. Leftley. 1996. Effects of cell size and
specific growth rate on stable carbon isotope discrimination by two species of
marine diatom. Mar. Ecol.-Prog. Ser. 143: 283-288.
Kroopnick, P. M. 1985. The distribution of 13C of CO2 in the world oceans. Deep-Sea
Res. 32: 57-84.
Kukert, H., and U. Riebesell. 1998. Phytoplankton carbon isotope fractionation during a
diatom spring bloom in a Norwegian fjord. Mar. Ecol.-Prog. Ser. 173: 127-137.
Laing, W. A., W. L. Ogren, and R. H. Hageman. 1974. Bi carbonate stabilization of
soybean ribulose 1 5 di phosphate carboxylase. Plant Physiology (Rockville)
SUPPL: 35-35.
Lajtha, K., and J. D. Marshall. 1994. Sources of variation in stable isotope composition of
plants, p. 1-21. In K. Lajtha and R. H. Michener [eds.], Stable Isotopes in Ecology
and Environmental Science. Blackwell Scientific Publications.

82

Lapointe, M., T. D. B. Mackenzie, and D. Morse. 2008. An external delta-carbonic
anhydrase in a free-living marine dinoflagellate may circumvent diffusion-limited
carbon acquisition. Plant Physiology 147: 1427-1436.
Lara, R. J., V. Alder, C. A. Franzosi, and G. Kattner. 2010. Characteristics of suspended
particulate organic matter in the southwestern Atlantic: Influence of temperature,
nutrient and phytoplankton features on the stable isotope signature. Journal of
Marine Systems 79: 199-209.
Laws, E. A., P. G. Falkowski, W. O. Smith, H. Ducklow, and J. J. Mccarthy. 2000.
Temperature effects on export production in the open ocean. Glob. Biogeochem.
Cycle 14: 1231-1246.
Laws, E. A., B. N. Popp, R. R. Bidigare, M. C. Kennicutt, and S. A. Macko. 1995.
Dependence of phytoplankton carbon isotopic composition on growth rate and
[CO2]aq: Theoretical considerations and experimental results. Geochimica et
Cosmochimica Acta 59: 1131-1138.
Laws, E. A., P. A. Thompson, B. N. Popp, and R. R. Bidigare. 1998. Sources of inorganic
carbon for marine microalgal photosynthesis: A reassessment of δ13C data from
batch culture studies of Thalassiosira pseudonana and Emiliania huxleyi. Limnol.
Oceanogr. 43: 136-142.
Leboulanger, C., C. Descolasgros, M. R. Fontugne, I. Bentaleb, and H. Jupin. 1995.
Interspecific Variability and Environmental Influence on Particulate OrganicCarbon Delta(13) in Cultured Marine-Phytoplankton. J. Plankton Res. 17: 20792091.
Lee, B., and F. R. Tabita. 1990. Purification of recombinant ribulose-1,5-bisphosphate
carboxylase/oxygenase large subunits suitable for reconstitution and assembly of
active L8S8 enzyme. Biochemistry 29: 9352-9357.
Levitus, S., J. Antonov, and T. Boyer. 2005. Warming of the world ocean, 1955-2003.
Geophys. Res. Lett. 32: 4.
Li, Z.-H., H.-W. Jin, G.-L. Pang, and H.-L. Zhang. 2010. Characters of phytoplankton
community structure in coastal waters of middle-northern Zhejiang province in
Spring and Summer, 2009. Marine Fisheries 32: 401-410.
Lohbeck, K. T., U. Riebesell, and T. B. H. Reusch. 2012. Adaptive evolution of a key
phytoplankton species to ocean acidification. Nature Geoscience 5: 346-351.
Long, S. P., X. G. Zhu, S. L. Naidu, and D. R. Ort. 2006. Can improvement in
photosynthesis increase crop yields? Plant Cell and Environment 29: 315-330.
Lopez-Urrutia, A. 2008. The metabolic theory of ecology and algal bloom formation.
Limnol. Oceanogr. 53: 2046-2047.
83

Lorimer, G. H., and H. M. Miziorko. 1980. Carbamate formation on the e-amino group of
a lysyl residue as the basis for the activation of ribulosebisphosphate carboxylase
by CO2 and Mg2+. Biochem. 19: 5321-5328.
Loubere, P., and S. Bennett. 2008. Southern Ocean biogeochemical impact on the tropical
ocean: Stable isotope records from the Pacific for the past 25,000 years. Global
and Planetary Change 63: 333-340.
Macintyre, H. L., and R. J. Geider. 1996. Regulation of Rubisco activity and its potential
effect on photosynthesis during mixing in a turbid estuary. Mar. Ecol.-Prog. Ser.
144: 247-264.
Mann, D. G., and S. J. M. Droop. 1996. Biodiversity, biogeography and conservation of
diatoms. Hydrobiologia 336: 19-32.
Martin, C. L., and P. D. Tortell. 2006. Bicarbonate transport and extracellular carbonic
anhydrase activity in Bering Sea phytoplankton assemblages: Results from
isotope disequilibrium experiments. Limnol. Oceanogr. 51: 2111-2121.
---. 2008. Bicarbonate transport and extracellular carbonic anhydrase in marine diatoms.
Physiologia Plantarum 133: 106-116.
Mcnevin, D. B., M. R. Badger, S. M. Whitney, S. Von Caemmerer, G. G. B. Tcherkez,
and G. D. Farquhar. 2007. Differences in Carbon Isotope Discrimination of Three
Variants of D-Ribulose-1,5-bisphosphate Carboxylase/Oxygenase Reflect
Differences in Their Catalytic Mechanisms. Journal of Biological Chemistry 282:
36068-36076.
Mcquoid, M. R., and A. Godhe. 2004. Recruitment of coastal planktonic diatoms from
benthic versus pelagic cells: Variations in bloom development and species
composition. Limnol. Oceanogr. 49: 1123-1133.
Mcquoid, M. R., and K. Nordberg. 2006. Composition and origin of benthic flocculent
layers in Swedish fjords following the spring bloom - contribution of diatom
frustules and resting stages. Nova Hedwigia 83: 1-16.
Meehl, G. A., and H. Y. Teng. 2007. Multi-model changes in El Nino teleconnections
over North America in a future warmer climate. Clim. Dyn. 29: 779-790.
Michener, R. H., D.M. Schell. 1994. Stable isotope ratios as tracers in marine aquatic
food webs, p. 138-157. In K. Lajtha, R.H. Michener [ed.], Stable isotopes in
ecology and environmental science. Blackwell Scientific Publications.
Milligan, A. J., C. E. Mioni, and F. M. M. Morel. 2009. Response of cell surface pH to
pCO(2) and iron limitation in the marine diatom Thalassiosira weissflogii. Marine
Chemistry 114: 31-36.
84

Milligan, A. J., and F. M. M. Morel. 2002. A proton buffering role for silica in diatoms.
Science 297: 1848-1850.
Milliman, J. D., P. J. Troy, W. M. Balch, A. K. Adams, Y. H. Li, and F. T. Mackenzie.
1999. Biologically mediated dissolution of calcium carbonate above the chemical
lysocline? Deep-Sea Res. Part I-Oceanogr. Res. Pap. 46: 1653-1669.
Miltner, A., F. D. Kopinke, R. Kindler, D. E. Selesi, A. Hartmann, and M. Kastner. 2005.
Non-phototrophic CO2 fixation by soil microorganisms. Plant and Soil 269: 193203.
Miltner, A., H. H. Richnow, F. D. Kopinke, and M. Kastner. 2004. Assimilation of CO2
by soil microorganisms and transformation into soil organic matter. Organic
Geochemistry 35: 1015-1024.
Moline, M. A., and B. B. Prezelin. 1996. Long-term monitoring and analyses of physical
factors regulating variability in coastal Antarctic phytoplankton biomass, in situ
productivity and taxonomic composition over subseasonal, seasonal and
interannual time scales. Mar. Ecol.-Prog. Ser. 145: 143-160.
Mook, W. G., J. C. Bommerson, and W. H. Staverman. 1974. Carbon isotope
fractionation between dissolved bicarbonate and gaseous carbon dioxide. Earth
Plan Sci Let 22: 169-176.
Moore, J. K., S. C. Doney, J. A. Kleypas, D. M. Glover, and I. Y. Fung. 2002. An
intermediate complexity marine ecosystem model for the global domain. DeepSea Res. Part II-Top. Stud. Oceanogr. 49: 403-462.
Mueller-Cajar, O., M. Stotz, P. Wendler, F. U. Hartl, A. Bracher, and M. Hayer-Hartl.
2011. Structure and function of the AAA(+) protein CbbX, a red-type Rubisco
activase. Nature 479: 194-U166.
Myers, R. A., and B. Worm. 2003. Rapid worldwide depletion of predatory fish
communities. Nature 423: 280-283.
Nanba, K., G. M. King, and K. Dunfield. 2004. Analysis of facultative lithotroph
distribution and diversity on volcanic deposits by use of the large subunit of
ribulose 1,5-bisphosphate carboxylase/oxygenase. Appl. Environ. Microbiol. 70:
2245-2253.
Nelson, D. M., P. Treguer, M. A. Brzezinski, A. Leynaert, and B. Queguiner. 1995.
Production and dissolution of biogenic silica in the ocean - revised global
estimate, comparison with regional data and relationship to biogenic
sedimentation. Glob. Biogeochem. Cycle 9: 359-372.

85

Nielsen, T. G., and B. Hansen. 1995. Plankton community structure and carbon cycling
on the western coast of Greenland during and after the sedimentation of a diatom
bloom. Marine Ecology Progress Series 125: 239-257.
Nimer, N. A., C. Brownlee, and M. J. Merrett. 1999. Extracellular carbonic anhydrase
facilitates carbon dioxide availability for photosynthesis in the marine
dinoflagellate Prorocentrum micans. Plant Physiology 120: 105-111.
Nimer, N. A., M. D. Iglesiasrodriguez, and M. J. Merrett. 1997. Bicarbonate utilization
by marine phytoplankton species. J. Phycol. 33: 625-631.
O'leary, M. H. 1984. Measurement of the isotopic fractionation associated with diffusion
of carbon dioxide in aqueous solution. J. Phys. Chem. 88: 823-825.
O'leary, M. H., S. Madhavan, and P. Paneth. 1992. Physical and chemical basis of carbon
isotope fractionation in plants. Plant, Cell, and Environment 15: 1099-1104.
O Ragueneau, Daniel J Conley, Aude Leynaert, Sorcha Ni Longphuirt, and C. P. Slomp.
2006. Role of Diatoms in Silicon Cycling and Coastal Marine Food Webs, p. 163196. The Silicon Cycle Human Perturbations and Impacts.
Orr, J. C. and others 2005. Anthropogenic ocean acidification over the twenty-first
century and its impact on calcifying organisms. Nature 437: 681-686.
Ostrom, N. E., S. A. Macko, D. Deibel, and R. J. Thompson. 1997. Seasonal variation in
the stable carbon and nitrogen isotope biogeochemistry of a coastal cold ocean
environment. Geochimica et Cosmochimica Acta 61: 2929-2942.
Paasche, E. 1998. Roles of nitrogen and phosphorus in coccolith formation in Emiliania
huxleyi (Prymnesiophyceae). Eur. J. Phycol. 33: 33-42.
---. 2002. A review of the coccolithophorid Emiliania huxleyi (Prymnesiophyceae), with
particular reference to growth, coccolith formation, and calcificationphotosynthesis interactions. Phycologia 40: 503-529.
Paneth, P., and M. H. Oleary. 1985. Carbon isotope effect on dehydration of bicarbonate
ion catalyzed by carbonic-anhydrase. Biochemistry 24: 5143-5147.
Paul, J. H., A. Alfreider, and B. Wawrik. 2000a. Micro- and macrodiversity in rbcL
sequences in ambient phytoplankton populations from the southeastern Gulf of
Mexico. Mar. Ecol.-Prog. Ser. 198: 9-18.
---. 2000b. Micro and macrodiversity in rbcL sequences in ambient phytoplankton
populations from the southeastern Gulf of Mexico. Marine Ecology Progress
Series 198: 9-18.

86

Paul, J. H., S. L. Pichard, J. B. Kang, M. F. Watson, and F. R. Tabita. 1999. Evidence for
a clade-specific temporal and spatial separation in ribulase bisphosphate
carboxylase gene expression in phytoplankton populations off Cape Hatteras and
Bermuda. Limnology & Oceanography 44: 12-23.
Paulino, A. I., J. K. Egge, and A. Larsen. 2008. Effects of increased atmospheric CO(2)
on small and intermediate sized osmotrophs during a nutrient induced
phytoplankton bloom. Biogeosciences 5: 739-748.
Petersen, J., R. Teich, H. Brinkmann, and R. Cerff. 2006. A "green" phosphoribulokinase
in complex algae with red plastids: Evidence for a single secondary
endosymbiosis leading to haptophytes, cryptophytes, heterokonts, and
dinoflagellates. Journal of Molecular Evolution 62: 143-U142.
Peterson, B. J., and B. Fry. 1987. Stable isotopes in ecosystem studies. Ann. Rev. Ecol.
Syst. 18: 293-320.
Phillips, R. A., S. Bearhop, R. A. R. Mcgill, and D. A. Dawson. 2009. Stable isotopes
reveal individual variation in migration strategies and habitat preferences in a
suite of seabirds during the nonbreeding period. Oecologia 160: 795-806.
Pichard, S. L., L. Campbell, and J. H. Paul. 1997. Diversity of the ribulose bisphosphate
carboxylase/oxygenase Form I Gene (rbcL) in natural phytoplankton
communities. Appl Environ Microbiol 63: 3600-3606.
Polovina, J. J., E. A. Howell, and M. Abecassis. 2008. Ocean's least productive waters
are expanding. Geophys. Res. Lett. 35: 5.
Popp, B. N., E. A. Laws, R. R. Bidigare, J. E. Dore, K. L. Hanson, and S. G. Wakeham.
1998. Effect of Phytoplankton Cell Geometry on Carbon Isotopic Fractionation.
Geochimica et Cosmochimica Acta 62: 69-77.
Popp, B. N. and others 1999. Controls on the carbon isotopic composition of Southern
Ocean phytoplankton. Glob. Biogeochem. Cycle 13: 827-843.
Portis, A. R. 2003. Rubisco activase - Rubisco's catalytic chaperone. Photosynthesis
Research 75: 11-27.
Post, D. M. 2002. Using stable isotopes to estimate trophic position: Models, methods,
and assumptions. Ecology 83: 703-718.
Post, W. M., and K. C. Kwon. 2000. Soil carbon sequestration and land-use change:
processes and potential. Glob. Change Biol. 6: 317-327.
Qian, Y. L., and F. R. Tabita. 1996. A global signal transduction system regulates aerobic
and anaerobic CO2 fixation in Rhodobacter sphaeroides. Journal of Bacteriology
178: 12-18.
87

Quay, P. and others 2007. Anthropogenic CO2 accumulation rates in the North Atlantic
Ocean from changes in the 13C/12C of dissolved inorganic carbon. Glob.
Biogeochem. Cycle 21: 15.
Rabalais, N. N., R. E. Turner, Q. Dortch, D. Justic, V. J. Bierman, and W. J. Wiseman.
2002. Nutrient-enhanced productivity in the northern Gulf of Mexico: past,
present and future. Hydrobiologia 475: 39-63.
Ragueneau, O., Daniel J Conley, Aude Leynaert, Sorcha Ni Longphuirt, and C. P. Slomp.
2006. Role of Diatoms in Silicon Cycling and Coastal Marine Food Webs, p. 163196. The Silicon Cycle Human Perturbations and Impacts.
Ratti, S., M. Giordano, and D. Morse. 2007. CO2-concentrating mechanisms of the
potentially toxic dinoflagellate Protoceratium reticulatum (Dinophyceae,
Gonyaulacales). J. Phycol. 43: 693-701.
Rau, G. H., U. Riebesell, and D. Wolf-Gladrow. 1996. A model of photosynthetic 13 C
fractionation by marine phytoplankton based on diffusive molecular CO2 updtake.
Mar Ecol Prog Ser 133: 275-285.
Rau, G. H., T. Takahashi, and D. J. D. Des Marais. 1989. Latitudnal variations in
plankton δ13C: implications for CO2 and productivity in past oceans. Nature 341:
516-518.
Raven, J. A. 1983. The transport and function of silicon in plants. Biol. Rev. Cambridge
Philosophic. Soc. 58: 179-207.
---. 2009. Functional evolution of photochemical energy transformations in oxygenproducing organisms. Funct. Plant Biol. 36: 505-515.
---. 2012. Inorganic carbon acquisition by eukaryotic algae: four current questions.
Photosynthesis Research 106: 123-134.
Raven, J. A. and others 2002. Mechanistic interpretation of carbon isotope discrimination
by marine macroalgae and seagrasses. Funct. Plant Biol. 29: 355-378.
Raven, J. A., A. M. Johnston, and D. H. Turpin. 1993. Influence of changes in CO2
concentration and temperature on marine phytoplankton 13C/12C ratios: An
analysis of possible mechanisms. Global and Planetary Change 8: 1-12.
Rayner, P. J., R. M. Law, C. E. Allison, R. J. Francey, C. M. Trudinger, and C. PickettHeaps. 2008. Interannual variability of the global carbon cycle (1992-2005)
inferred by inversion of atmospheric CO2 and delta(CO2)-C-13 measurements.
Glob. Biogeochem. Cycle 22: 12.
Reinfelder. 2011. Carbon Concentrating Mechanisms in Eukaryotic Marine
Phytoplankton. Annual Review of Marine Science 3: 291-315.
88

Reinfelder, J. R., A. M. L. Kraepiel, and F. M. M. Morel. 2000. Unicellular C-4
photosynthesis in a marine diatom. Nature 407: 996-999.
Reinfelder, J. R., A. J. Milligan, and F. M. M. Morel. 2004. The role of the C-4 pathway
in carbon accumulation and fixation in a marine diatom. Plant Physiology 135:
2106-2111.
Riebesell, U., S. Burkhardt, A. Dauelsberg, and B. Kroon. 2000a. Carbon isotope
fractionation by a marine diatom: dependence on the growth-rate-limiting
resource. Mar. Ecol.-Prog. Ser. 193: 295-303.
Riebesell, U. and others 2007. Enhanced biological carbon consumption in a high CO2
ocean. Nature 450: 545-U510.
Riebesell, U., I. Zondervan, B. Rost, P. D. Tortell, R. E. Zeebe, and F. M. M. Morel.
2000b. Reduced calcification of marine plankton in response to increased
atmospheric CO2. Nature 407: 364-367.
Rillig, M. C., S. F. Wright, M. F. Allen, and C. B. Field. 1999. Rise in carbon dioxide
changes in soil structure. Nature 400: 628-628.
Roberts, K., E. Granum, R. C. Leegood, and J. A. Raven. 2007. Carbon acquisition by
diatoms. Photosynth Research 93: 79–88.
Robinson, J. J. and others 2003. Kinetic isotope effect and characterization of form II
RubisCO from the chemoautotrophic endosymbionts of the hydrothermal vent
tubeworm Riftia pachyptila. Limnol Oceanogr 48: 48-54.
Robinson, J. J., J. L. Stein, and C. M. Cavanaugh. 1998. Cloning and sequencing of a
form II ribulose 1,5-bisphosphate carboxylase/oxygenase (RubisCO) from the
bacterial symbiont of the hydrothermal vent vestimentiferan Riftia pachyptila. J.
Bacteriol. 180: 1596-1599.
Roeske, C. A., and M. H. O'leary. 1985. Carbon isotope effect on carboxylation of
ribulose bisphosphate catalyzed by ribulosebisphosphate carboxylase from
Rhodospirillum rubrum. Biochemistry 24: 1603-1607.
Rost, B., U. Riebesell, S. Burkhardt, and D. Sultemeyer. 2003. Carbon acquisition of
bloom-forming marine phytoplankton. Limnol. Oceanogr. 48: 55-67.
Rost, B., I. Zondervan, and U. Riebesell. 2002. Light-dependent carbon isotope
fractionation in the coccolithophorid Emiliania huxleyi. Limnol. Oceanogr. 47:
120-128.
Rotatore, C., B. Colman, and M. Kuzma. 1995. The active uptake of carbon-dioxide by
the marine diatoms phaeodactylum-tricornutum and cyclotella sp. Plant Cell and
Environment 18: 913-918.
89

Sabine, C. L. and others 2004. The oceanic sink for anthropogenic CO(2). Science 305:
367-371.
Sarmiento, J. L. and others 2004. Response of ocean ecosystems to climate warming.
Glob. Biogeochem. Cycle 18: 35.
Scanlan, D. J. and others 2009. Ecological Genomics of Marine Picocyanobacteria.
Microbiol. Mol. Biol. Rev. 73: 249-+.
Schell, D. M., V. J. Rowntree, and C. J. Pfeiffer. 2000. Stable-isotope and electronmicroscopic evidence that cyamids (Crustacea : Amphipoda) feed on whale skin.
Canadian Journal of Zoology-Revue Canadienne De Zoologie 78: 721-727.
Schiebel, R. 2002. Planktic foraminiferal sedimentation and the marine calcite budget.
Glob. Biogeochem. Cycle 16: 21.
Schiebel, R. and others 2004. Distribution of diatoms, coccolithophores and planktic
foraminifers along atrophic gradient during SW monsoon in the Arabian Sea.
Mar. Micropaleontol. 51: 345-371.
Schimel, D. S. 1995. Terrestrial ecosystems and the carbon-cycle. Glob. Change Biol. 1:
77-91.
Schulz, K. G., B. Rost, S. Burkhardt, U. Riebesell, S. Thoms, and D. A. Wolf-Gladrow.
2007. The effect of iron availability on the regulation of inorganic carbon
acquisition in the coccolithophore Emiliania huxleyi and the significance of
cellular compartmentation for stable carbon isotope fractionation. Geochimica Et
Cosmochimica Acta 71: 5301-5312.
Schwedock, J. and others 2004. Characterization and expression of genes from the
RubisCO gene cluster of the chemoautotrophic symbiont of Solemya velum:
cbbLSQO. Arch Microbiol 182: 18-29.
Sciandra, A. and others 2003. Response of coccolithophorid Emiliania huxleyi to
elevated partial pressure of CO2 under nitrogen limitation. Mar. Ecol.-Prog. Ser.
261: 111-122.
Scott, K. M. 2003. A δ13C-based carbon flux model for the hydrothermal vent
chemoautotrophic symbiosis Riftia pachyptila predicts sizeable CO2 gradients at
the host-symbiont interface. Environ Microbiol 5: 424-432.
Scott, K. M., and C. M. Cavanaugh. 2007. CO2 uptake and fixation by endosymbiotic
chemoautotrophs from the bivalve Solemya velum. Appl Environ Microbiol 73:
1174-1179.
Scott, K. M., M. Henn-Sax, T. L. Harmer, D. L. Longo, C. H. Frame, and C. M.
Cavanaugh. 2007. Kinetic isotope effect and biochemical characterization of form
90

IA RubisCO from the marine cyanobacterium Prochlorococcus marinus
MIT9313. Limnol. Oceanogr. 52: 2199-2204.
Scott, K. M., X. Lu, C. M. Cavanaugh, and J. Liu. 2004a. Optimal methods for estimating
kinetic isotope effects from different forms of the Rayleigh distillation equation.
Geochim Cosmochim Acta 68: 433-442.
Scott, K. M., J. Schwedock, D. P. Schrag, and C. M. Cavanaugh. 2004b. Influence of
form IA RubisCO and environmental dissolved inorganic carbon on the δ13C of
the clam-bacterial chemoautotrophic symbiosis Solemya velum. Environ
Microbiol 6: 1210-1219.
Selesi, D., I. Pattis, M. Schmid, E. Kandeler, and A. Hartmann. 2007. Quantification of
bacterial RubisCO genes in soils by cbbL targeted real-time PCR. Journal of
Microbiological Methods 69: 497-503.
Selesi, D., M. Schmid, and A. Hartmann. 2005. Diversity of green-like and red-like
ribulose-1,5-bisphosphate carboxylase/oxygenase large-subunit genes (cbbL) in
differently managed agricultural soils. Appl. Environ. Microbiol. 71: 175-184.
Serreze, M. C., M. M. Holland, and J. Stroeve. 2007. Perspectives on the Arctic's
shrinking sea-ice cover. Science 315: 1533-1536.
Shikata, T. and others 2008. Factors influencing the initiation of blooms of the
raphidophyte Heterosigma akashiwo and the diatom Skeletonema costatum in a
port in Japan. Limnol. Oceanogr. 53: 2503-2518.
Sikes, C. S., and A. P. Wheeler. 1982. Carbonic-anhydrase and carbon fixation in
coccolithophorids. J. Phycol. 18: 423-426.
Sikes, C. S., and K. M. Wilbur. 1982. Functions of Coccolith Formation. Limnol.
Oceanogr. 27: 18-26.
Sikorowicz, G. and others 2005. Diurnal variations in nitrogen, phosphorus and iron
compounds in the southern Baltic Sea. Oceanologia 47: 243-263.
Smith, J. L., and E. A. Paul. 1990. The significance of soil microbial biomass estimation.
Marcel Dekker.
Solomon, S. and others 2007. Climate Change 2007: The Physical Science Basis. .
Contribution of Working Group I to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge University Press.
Spreitzer, R. J. 1993. Genetic dissection of RUBISCO structure and function, p. 411-434.
Annual Review of Plant Physiology and Plant Molecular Biology. Annual Review
of Plant Physiology and Plant Molecular Biology.
91

Spreitzer, R. J., and M. E. Salvucci. 2002. Rubisco: Structure, regulatory interactions, and
possibilities for a better enzyme. Annual Review of Plant Biology 53: 449-475.
Sterner, R. W., and J. J. Elser. 2002. Ecological Stoichiometry: The Biology of Elements
from Molecules to the Biosphere. Princeton University Press.
Tabita, F. R. 1988. Molecular and cellular regulation of autotrophic carbon dioxide
fixation in microorganisms. Microbiol Rev 52: 155-189.
---. 1995. The biochemistry and metabolic regulation of carbon metabolism and CO2
fixation in purple bacteria. In R. E. Blankenship, M. T. Madigan and C. E. Bauer
[eds.], Anoxygenic Photosynthetic Bacteria. Kluwer Academic Publishers.
---. 1999. Microbial ribulose 1,5-bisphosphate carboxylase/oxygenase: A different
perspective. Photosynth Res 60: 1-28.
Tabita, F. R., T. E. Hanson, S. Satagopan, B. H. Witte, and N. E. Kreel. 2008a.
Phylogenetic and evolutionary relationships of RubisCO and the RubisCO-like
proteins and the functional lessons provided by diverse molecular forms.
Philosophical Transactions of the Royal Society B-Biological Sciences 363:
2629-2640.
Tabita, F. R., S. Satagopan, T. E. Hanson, N. E. Kreel, and S. S. Scott. 2008b. Distinct
form I, II, III, and IV Rubisco proteins from the three kingdoms of life provide
clues about Rubisco evolution and structure/function relationships. Journal of
Experimental Botany 59: 1515-1524.
Tcherkez, G. G. B., G. D. Farquhar, and T. J. Andrews. 2006. Despite slow catalysis and
confused substrate specificity, all ribulose bisphosphate carboxylases may be
nearly perfectly optimized. Proceedings of the National Academy of Sciences
103: 7246–7251.
Tchernov, D. and others 1998. Photosynthesizing marine microorganisms can constitute a
source of CO2 rather than a sink. Can. J. Bot.-Rev. Can. Bot. 76: 949-953.
Tchernov, D., J. Silverman, B. Luz, L. Reinhold, and A. Kaplan. 2003. Massive lightdependent cycling of inorganic carbon between oxygenic photosynthetic
microorganisms and their surroundings. Photosynthesis Research 77: 95-103.
Tiselius, P., and M. Kuylenstierna. 1996. Growth and decline of a diatom spring bloom:
Phytoplankton species composition, formation of marine snow and the role of
heterotrophic dinoflagellates. J. Plankton Res. 18: 133-155.
Tolli, J., and G. M. King. 2005. Diversity and structure of bacterial chemolithotrophic
communities in pine forest and agroecosystem soils. Appl. Environ. Microbiol.
71: 8411-8418.
92

Tortell, P. D., G. R. Ditullio, D. M. Sigman, and F. M. M. Morel. 2002. CO2 effects on
taxonomic composition and nutrient utilization in an Equatorial Pacific
phytoplankton assemblage. Mar. Ecol.-Prog. Ser. 236: 37-43.
Tortell, P. D. and others 2008. CO(2) sensitivity of Southern Ocean phytoplankton.
Geophys. Res. Lett. 35.
Tortell, P. D., J. R. Reinfelder, and F. M. M. Morel. 1997. Active uptake of bicarbonate
by diatoms. Nature 390: 243-244.
Trimborn, S., G. Langer, and B. Rost. 2007. Effect of varying calcium concentrations and
light intensities on calcification and photosynthesis in Emiliania huxleyi. Limnol.
Oceanogr. 52: 2285-2293.
Trueman, C. N., K. M. Mackenzie, and M. R. Palmer. 2012. Stable isotopes reveal
linkages between ocean climate, plankton community dynamics, and survival of
two populations of Atlantic salmon (Salmo salar). Ices Journal of Marine Science
69: 784-794.
Urabe, J., and N. Waki. 2009. Mitigation of adverse effects of rising CO2 on a planktonic
herbivore by mixed algal diets. Glob. Change Biol. 15: 523-531.
Van De Waal, D. B., A. M. Verschoor, J. M. H. Verspagen, E. Van Donk, and J.
Huisman. 2010. Climate-driven changes in the ecological stoichiometry of aquatic
ecosystems. Frontiers in Ecology and the Environment 8: 145-152.
Varona-Cordero, F., F. J. Gutierrez-Mendieta, and M. E. M. Del Castillo. 2010.
Phytoplankton assemblages in two compartmentalized coastal tropical lagoons
(Carretas-Pereyra and Chantuto-Panzacola, Mexico). J. Plankton Res. 32: 12831299.
Videmsek, U. and others 2009. Abundance and Diversity of CO2-fixing Bacteria in
Grassland Soils Close to Natural Carbon Dioxide Springs. Microbial Ecology 58:
1-9.
Volk, T., and M. I. Hoffert. 1985. Ocean carbon pumps: Analysis of relative strengths
and efficiencies in ocean driven atmospheric CO2 changes. The Carbon Cycle and
Atmospheric CO2: Natural Variations Archaean to Present, Geophys. Monogr.
Ser. AGU.
Voss, K. J., W. M. Balch, and K. A. Kilpatrick. 1998. Scattering and attenuation
properties of Emiliania huxleyi cells and their detached coccoliths. Limnol.
Oceanogr. 43: 870-876.
Watson, G. M. F., and F. R. Tabita. 1997. Microbial ribulose 1,5-bisphosphate
carboxylase/oxygenase: A molecule for phylogenetic and enzymological
investigation. Fems Microbiology Letters 146: 13-22.
93

Watson, G. M. F., J.-P. Yu, and F. R. Tabita. 1999. Unusual ribulose 1,5-bisphosphate
carboxylase/oxygenase of anoxic Archaea. Journal of Bacteriology 181: 15691575.
Westbroek, P. and others 1993. A model system approach to biological climate forcing.
The example of Emiliania huxleyi. Global and Planetary Change 8: 27-46.
Winder, M., and D. E. Schindler. 2004. Climate change uncouples trophic interactions in
an aquatic ecosystem. Ecology 85: 2100-2106.
Winter, A. J., R. Jordan, and P. Roth. 1994. Biogeography of lingin coccolithophores in
ocean waters, p. 161-177. In W. A. W. a. W. G. Siesser [ed.], Coccolithophores.
Cambridge University Press.
Young, J. R. and others 2003. A guide to extant coccolithophore taxonomy. Journal of
Nannoplankton Research Special Issue 1: i-iv, 1-125.
Yuan, H. Z., T. D. Ge, C. Y. Chen, A. G. O'donnell, and J. S. Wu. 2012. Significant Role
for Microbial Autotrophy in the Sequestration of Soil Carbon. Appl. Environ.
Microbiol. 78: 2328-2336.
Zak, D. R., K. S. Pregitzer, P. S. Curtis, J. A. Teeri, R. Fogel, and D. L. Randlett. 1993.
Elevated atmospheric CO2 and feedback between carbon and nitrogen cycles.
Plant and Soil 151: 105-117.
Zak, D. R., K. S. Pregitzer, J. S. King, and W. E. Holmes. 2000. Elevated atmospheric
CO2, fine roots and the response of soil microorganisms: a review and hypothesis.
New Phytologist 147: 201-222.
Zeebe, R. E., and D. Wolf-Gladrow. 2003. CO2 in seawater: Equilibrium, kinetics,
isotopes. Elsevier.
Zohary, T., J. Erez, M. Gophen, I. Bermanfrank, and M. Stiller. 1994. Seasonality of
stable carbon isotopes within the pelagic food-web of lake kinneret. Limnol.
Oceanogr. 39: 1030-1043.
Zondervan, I. 2007. The effects of light, macronutrients, trace metals and CO2 on the
production of calcium carbonate and organic carbon in coccolithophores - A
review. Deep-Sea Res. Part II-Top. Stud. Oceanogr. 54: 521-537.
Zondervan, I., B. Rost, and U. Riebesell. 2002. Effect of CO2 concentration on the
PIC/POC ratio in the coccolithophore Emiliania huxleyi grown under lightlimiting conditions and different daylengths. J. Exp. Mar. Biol. Ecol. 272: 55-70.
Zondervan, I., R. E. Zeebe, B. Rost, and U. Riebesell. 2001. Decreasing marine biogenic
calcification: A negative feedback on rising atmospheric pCO(2). Glob.
Biogeochem. Cycle 15: 507-516.
94

Appendices

95

Appendix A: Low stable carbon isotope fractionation by coccolithophore RubisCO
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Figure A-1. Elsevier license for use of coccolithophore RubisCO paper.
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Figure A-1 (continued). Elsevier license for use of the above paper.
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Appendix B: The Genome of the Deep-Sea Vent Chemolithoautotroph
Thiomicrospira crunogena XCL-2 genome
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Figure B-1. PloS biology open access license for use of the Thiomicrospira crunogena
XCL-2 genome paper.
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Appendix C: Expression and Function of Four Carbonic Anhydrase Homologs in
the Deep-Sea Chemolithoautotroph from Thiomicospira crunogena
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Figure C-1. ASM license for use of the Carbonic Anhydrase from Thiomicospira
crunogena paper.
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Appendix D: Response of hydrothermal vent vestimentiferan Riftia pachyptila to
differences in habitat chemistry
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Figure D-1. Springer license for use of the Riftia pachyptila response to differences in
habitat chemistry paper.
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Appendix E: Additional Figures and Tables
Table E1: List of Abbreviations
CBB

Calvin- Benson-Bassham cycle

DIC

Dissolved inorganic carbon

RubisCO

Ribulose-1,5-bisphosphate carboxylase oxygenase

RuBP

ribulose 1,5-bisphosphate

3-PGA

3- phosphoglycerate

CCM

carbon concentrating mechanism
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